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Abstract
The transition of electric power systems towards renewable generation has created
an increasing market for power electronics using film capacitors as one of their
key components. Size, weight, and cost reduction can be achieved with better
capacitors – an objective achievable with advanced dielectric films. The current
state-of-the-art biaxially oriented polypropylene (BOPP) films are already operated
close to their fundamental limits, causing a growing demand for next-generation
technologies. To perform well when used in a capacitor, a film needs to have a
wide range of fundamental and applied properties, all of which should be evaluated
during film development to ensure there are no unwanted trade-offs. Power capacitors
are used in applications with high downtime costs, e.g. HVDC, thus especially the
reliability aspects must be given scrutiny. This thesis work was inspired by the lack of
knowledge of the long-term performance of next generation dielectrics, e.g. polymer
nanocomposites. Equally important was to fill the gaps in published knowledge
of measurement methods to evaluate long-term properties, voltage endurance, and
surprisingly, also the dielectric permittivity of thin (≈10 µm) low-loss films. In this
thesis, a suitable measurement for each three is presented along with examples of
their capability and an approach to applying them to steer film development.
The large-area multi-breakdown method developed in our research group is
extended to measurements at realistic operating temperatures, and industrial BOPP
films are shown to exhibit an 11–20 % decrease in the DC breakdown strength
between room temperature and 100 ◦C. The results align with literature, which
supports the validity of the approach. BOPP films made of base materials varying
in terms of molecular weight are measured: these films exhibit similar short-term
breakdown performance at room temperature, yet at 100 ◦C differences emerge. The
difference did not correlate with the reduction of breakdown performance after DC
electro-thermal aging, demonstrating the necessity of long-term tests.
Electron beam evaporation in high vacuum (P<10−6mbar) is established as
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a repeatable and suitable method to metallize electrodes on ultra low-loss BOPP
films, solving earlier issues of abnormally high dielectric losses or unrealistically low
real permittivity. Metallization process is identified as the crucial factor: no pre- or
post-treatments are required, and valid results are obtainable with various electrode
metals. The method was demonstrated by measuring true “literature value” dielectric
permittivity of commercial BOPP films: ≈2.25 and tanδ≈10−4. The importance of
successful metallization process for measuring the intrinsic losses is demonstrated:
samples with sputter deposited electrodes exhibited abnormally high dielectric losses,
as also did samples metallized using another e-beam evaporator.
The multi-breakdown approach is also extended to times-to-breakdown tests,
and accelerated ageing tests are conducted on an industrial BOPP film. High-field
degradation and drastically reduced insulation life are observed. Analysis of the
Weibull failure rate supports the notion that at current design stresses, BOPP is
already operated close to the fundamental material limits, and also that the life in
operating conditions cannot be determined by simple inverse power law extrapolation
of accelerated rapid ageing data. Again, long-term ageing testing is advocated. Space
charge measurements on “classic” BOPP films reveal charge accumulation at high
fields, as expected. Interestingly, no space charge accumulation is detected in a novel
nanostructured material under similar conditions, demonstrating the potentiality of
nanofilled DC insulation.
A DC electro-thermal ageing test method is presented to investigate long-term
phenomena in realistic operating conditions. Two 1000 h DC electro-thermal ageing
tests associate ageing with the formation of electrically weak points. Large-area
breakdown behavior, being sensitive to local changes, is established as a recom-
mended ageing indicator. Material characterization does not reveal ageing-induced
changes in bulk properties, supporting the literature-backed conclusion that early
ageing progresses by localized degradation. A trial with eight pilot-scale materials
demonstrate that weak point formation may be inhibited in nanostructured materials,
but also that material-specific optimization of film processing is required to reach
optimal dielectric performance.
Ultimately, the methods developed are fused into one resource-efficient approach
to capacitor film development, in which the short-, mid-, and long-term properties are
evaluated in three overlapping phases. Reliance on individual performance metrics
to steer film development is discouraged: all properties need to be at an appropriate
level for a film to perform in application, and there are trade-offs to be managed.
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Chapter1
Introduction
High energy density capacitive energy storage brings forth space, weight and thus
cost savings: lighter offshore HVDC converter platforms on lighter foundations and
compact STATCOM installations requiring less land area and easily located indoors
away from public opposition. In both applications a major portion of the total size
and weight comes from capacitors. The largest and heaviest part of a film capacitor
is its primary insulation, and with a better insulation material both the size and
weight is reduced. The trend towards lighter and smaller has existed since the early
years of commercial capacitor technology, and next generation insulation materials
are a part of this megatrend. Such materials are developed in the High Voltage
Engineering research group of Tampere University of Technology (TUT).
One of the latest advances in this field is the European Horizon 2020 project
GRIDABLE, with a budget of 8.32 M€ and eight participating organizations around
Europe. One of the main objectives of this project is to increase capacitor energy
density with a next-generation nanostructured primary insulation material. In this
project, TUT is responsible for determining the electrical performance or “goodness”
of prototype materials manufactured by VTT, and provides vital information on
the short- and long-term dielectric and material properties of industrial prototype
films. Having this prominent role was enabled by vast experience in dielectric
measurement, acquired in two TEKES-funded projects, NANOPOWER (1.4 M€)
and NANOCOM (1 M€). Nevertheless, the responsibilities in the GRIDABLE project
required major advances in the art of dielectric characterization, including metrology,
sample preparation and the knowledge how to implement comprehensive testing
programs in a resource-efficient way. Many of these advances are documented in this
thesis.
Film-type power capacitors are used in grid-connected power electronic appli-
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cations e.g. HVDC and STATCOM that are indispensable in integrating renew-
able power generation into electrical grids. These capacitors use biaxially oriented
polypropylene (BOPP) film as the primary insulation, and metallized or nowadays
less often foil electrodes. Operating temperature range, physical size and service life
are their key performance metrics that depend on the quality of this film: to perform
it must maintain its high electric strength, low dielectric and conduction losses and
demonstrate adequate voltage endurance up to the maximum operating temperatures.
In the development of next generation capacitor dielectrics it is necessary to monitor
these fundamental properties to verify all of them remain at adequate level and there
are no unpredicted trade-offs among them. Broad characterization is required since
these properties may not be deductible from each other, for example higher electric
strength might come together with inferior voltage endurance [1]. Standardized
performance and reliability testing can be done for capacitors, their elements and
film rolls, but only at a late stage of development when film production is upscaled
to the industrial level. At this time, the cost of correcting an error in base material
selection or processing has escalated substantially and resources have been wasted.
As tempting it might be, early reliance on an insufficient set of performance metrics
must be avoided. A common difficulty with early testing is that it needs to be done
using small laboratory-stretched film samples. For them only the dielectric strength
measurement can be regarded as relatively well-established. There is no generally
accepted test procedure for the long-term endurance of such small samples and no
information about its correlation with film performance in capacitors. The bulk
of scientific literature on the ageing of capacitors films is from the 90s or earlier,
and its relevance today is questioned by the advances of capacitor film technology
evident as new product launches. Finally, also the publicly available information on
preparing low-loss thin films for the basic dielectric measurements of permittivity
and conduction is conflicting and ambiguous.
Thus, the objectives of this thesis work were to develop the necessary methods to
properly and adequately assess the dielectric quality of capacitor films, and to design
an approach to capacitor film development using these methods. The principles of
this approach were “least effort” resource optimization and applicability as early
as possible during film development, viz. all measurements should be realizable
with laboratory-scale oriented films. These methods are then to be demonstrated in
steering the development of nanostructured materials in e.g. project GRIDABLE.
This thesis draws from the work of D.Sc. (Tech.) Rytöluoto of the TUT High
Voltage Engineering research group in determining the relation of film processing
2
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and structure on the short-term DC breakdown strength at room temperature [2, 3].
However, this thesis was founded on the recognition that once the short-term, room
temperature breakdown strength is at an adequate level, as the situation was after
several years of TEKES-funded projects when this thesis work began, it is necessary
to expand the measurement spectrum to dielectric spectroscopy, high temperature,
and long-term properties. That is because these are the properties that should
ultimately determine the film performance when it is used in its application in power
capacitors, where the electric stress is only a fraction of the short-term breakdown
strength.
1.1 Objectives of the Thesis
The objectives of the thesis raise from the existing research gap in efficient dielectric
quality assessment of capacitor films already at an early R&D phase, as described in
the previous section. The specific objectives are:
• To develop methods and to conduct DC electro-thermal ageing tests and voltage
endurance tests on dielectric films.
• To identify the most suitable method(s) for evaluating ageing progression in
commercial and laboratory-scale films.
• To discover a repeatable method to prepare low loss thin film samples for the
measurement of complex dielectric permittivity.
• To develop a streamlined approach for the development of capacitor films by
using key measurements to verify early, when only laboratory-scale oriented
films are available, that all dielectric properties are at an acceptable level.
1.2 Author Contributions
The author was the main author in associated publications [P1, P2, P3, P4, P5, P7],
had equal contribution to [P8] with Dr. Rytöluoto and had notable contributions to
[P6]. Detailed author contributions are listed next.
• In [P1] the main results and methods from the author’s master of science thesis
[4] were refined and presented. The author had been responsible for the thermal
ageing experiment and associated data analysis. The pilot-scale materials
studied were from an earlier project which did not involve author contribution.
3
Chapter 1. Introduction
The test hardware was constructed at what was then the workshop of the
department of electrical engineering.
• In [P2] the author was responsible for expanding the breakdown test methodol-
ogy to elevated temperatures, conducting the measurements, and analyzing the
results. The breakdown data processing toolkit had been developed earlier by
Dr. Rytöluoto.
• In [P3] the author was responsible for the development of the AC large-area
multiple breakdown measurement and the associated data analysis.
• In [P4] the author was responsible for developing and conducting the electro-
thermal ageing tests, all the permittivity measurements, associated sample
preparation and the breakdown strength measurements of aged samples. Room
temperature breakdown strength measurements on the materials were largely
done by Dr. Rytöluoto. Laboratory-scale film manufacturing and electron
microscopy was done at VTT Technical Research Centre of Finland Ltd. Base
PP was provided by Borealis Polymers Oy who also did the DSC and GPC
measurements.
• In [P5] the author was responsible for planning and conducting the ageing test
itself and for the high temperature measurements and breakdown measurements
on aged samples. The author had been responsible for upgrading the high
temperature measurement system originally used for measurements in [P2].
Ageing test hardware was largely the same as in [P4]. Films studied were
provided as rolls by a project partner who was also responsible for the WAXS
and DSC measurements.
• In [P6] the author was responsible for commissioning a new space charge
measurement system for thin films. The author also did certain necessary modi-
fications to the system, and utilized it to conduct the total charge measurements
that were reported in this publication. The author also did the space charge
measurements on the thick cast films and contributed to the data analysis with
G.C. Montanari and P. Seri. The materials were from an earlier project which
did not involve author contribution.
• In [P7] the author was responsible for planning and constructing the voltage
endurance test setup, conducting the constant voltage tests and 3 out of 4 of
the high temperature ramp tests whose results were reported. Author was also
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responsible for developing the analysis software for the times-to-breakdown
data analysis.
• In [P8] the author was responsible for the voltage endurance tests, space
charge measurements, and some of the progressive stress breakdown tests.
Permittivity and conductivity measurements, TSDC, DSC, surface roughness
measurements and the rest of the progressive stress breakdown tests were done
by Dr. Rytöluoto. The manuscript was prepared together.
• The measurement program proposed in Section 3.4 was drafted by the author.
It is founded on the author’s experience in co-operation projects with industrial
partners and research institutions alike, but has not been applied as such in
any of the projects with author involvement.
• The commercial capacitor-grade BOPP films studied in several papers were
provided by Tervakoski Films Group and GE Grid Solutions Oy (previously
Alstrom Grid Oy).
1.3 Structure of the Thesis
This thesis is divided into four parts: introduction, background, experimental and
conclusions. In the background chapter the publicly available state-of-the-art of
film capacitor technology is reviewed and three currently pursued pathways to
reach higher energy density are explained: thinner films, polymer nanocomposites
and computation design methods. Two first are integral to this thesis and project
GRIDABLE, and the third is included for its prominence is recent literature. The
background chapter concludes with an in-depth discussion about nanostructured
materials as they were studied in several publications included in this thesis.
In pursuing the thesis objective of comprehensive dielectric characterization,
measurements of various time scales were implemented. In Chapter 3, these methods
are presented in an ascending order of measurement duration. Chapter 3 begins
with short-term fundamental dielectric properties, only after they are at adequate
level it is meaningful to R&D progress further. In this thesis short-term refers to
measurements with a duration of minutes. The exception is DC conductivity that is
regarded as a short-term property although a measurement typically takes at least
several hours, even at elevated temperatures. A high dielectric breakdown strength at
operating temperature is a desirable short-term dielectric feature, a film must exhibit
it to be suitable for demanding applications. This topic is discussed in Section 3.1.1.
5
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High temperature breakdown strength measurements were the main topic of [P2]
and prominent in [P5, P7, P8].
Low DC conductivity and low AC losses are also desirable features that are
directly related to short-term fundamental film properties, they are necessary to
limit self-heating. Excess heat generation, in combination with relative low thermal
conductivity of polypropylene may accelerate ageing and in the extreme case destroy
the capacitor by thermal runaway. The key to successful dielectric permittivity and
conductivity measurements is in proper sample preparation – methods suitable for
thick millimeter-scale samples yielded unrealistic results on low-loss micrometer-
scale thin films. The measurements themselves are implementable using commercial
equipment and extensive literature is available to support the analysis of the dielectric
spectra. Thus one of the focus areas of the thesis work was the development of a
repeatable sample preparation for thin films. A suitable method that was identified
and the background work are the topic of Section 3.1.2. Permittivity measurement
results are presented in publications [P4, P8].
Voltage endurance testing is closer to realistic operating conditions with electrical
stress far below that required to cause a near-instantaneous breakdown in a brief
progressive stress test. Voltage endurance is fundamental in reaching a reliable
system service life of 30 years or more. In principle once the voltage endurance
of a film is known, it is possible to work all the way up to the service life of a
capacitor. This of course requires prior knowledge on the stresses, which however
can be envisioned to be available from detailed electrical modeling. With proper
design over- and under-engineering is avoided and total costs are reduced. DC voltage
endurance testing of thin films is the topic of Section 3.2.1, it was the main topic of
publication [P7], and these results were also presented and analyzer further in [P8].
The measurement durations varied from minutes to hours and thus they fall midway
between short- and long-term properties.
Space charge measurement on thin films is the topic of Section 3.2.2. The
advantage of space charge measurements is that a relatively short measurement of a
few hours or even less can yield information on long-term behavior: it can detect
injected charge that typically reduces the insulation life. Space charge measurement
on cables is standardized and well-established [5], but available knowledge on / 10 µm
thin films is much more limited and the equipment and methods are often highly
experimental. It would be advantageous for R&D if the space charge properties of
thin biaxially oriented films could be determined by measuring their precursor cast
films prior to orientation. Space charge in <20 µm biaxially oriented PP films and
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their ≈0.5mm thick precursor cast films was the topic of publication [P6].
Especially with a new generation of nanostructured capacitor films, but also with
BOPP films advanced beyond those studied in the 90s and before, it is essential to
study their ageing under stresses comparable to operating conditions. In plastics there
may be e.g. morphological changes [6] and antioxidant migration [7] in long-term,
but also phenomena of entirely new kind, e.g. interaction between nanofillers and
antioxidants and slow antioxidant release may occur in nanostructured materials [8].
Identifying these phenomena is necessary before these materials can be regarded as
suitable for use in high reliability applications. Long-term phenomena in capacitors
films, in a time scale of a thousand hour, is discussed in Section 3.3. It was the main
topic in publications [P4, P5].
Capability to assess both the short and long-term properties of capacitor films
is essential for successful product development, but equally important in a world of
limited resources and tendency for cost reduction is to know when, and in which
order to deploy each measurement. Thus in Section 3.4 an approach to using the
methods presented in Chapter 3 is proposed. Finally, conclusions are presented in
Chapter 4, along with discussion about future research topics.
7

Chapter2
Background – Film Capacitor
Trends and the State of the Art
2.1 Film Capacitors State of the Art
Two types of BOPP capacitor technologies are in widespread use: metallized film
and film-foil. Both technologies have their benefits and shortcomings, but the myriad
of designs allows engineers to select the best capacitor for each applications.
2.1.1 Metallized Polypropylene Film Capacitors
Metallized polypropylene film capacitors (also known as MKP for the German name
Metallisierter Kunststoff Polypropylen) are ubiquitous in power electronics where
they are used for snubbering, blocking and filtering etc. [9]. Typical applications
include power factor compensators [10], motor drives [11], high voltage direct current
(HVDC) transmission [12], [13] and flexible AC transmission systems (FACTS).
Capacitors are key components in state-of-the-art modular multilevel converters
(MMCs) employed in HVDC transmission [13–15]. The myriad of applications and
their different demands are catered by a broad selection of capacitors available for
the design engineer.
The base material for the thin film insulation used in these capacitors is highly
isotactic polypropylene (iPP). High isotacticity is a prerequisite for high crystallinity,
which is advocated to reduce dielectric losses and conductivity [16], but highly
isotactic material is more difficult to process [17]. Several commercial products are
available for producing capacitor films; the different grades can be used to produce
films of different crystallinity. These“electrical grades” are of high purity, which can
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be realized by washing the polymer after polymerization [18]. Alternative patented
approach is to negate the effects of catalyst residues by using single-cite catalysts [19].
High purity and the absence of many additives used in commodity plastics result
in small amounts of residue in burn tests, this is advertised as “low ash content”
[20, 21]. Purity is generally required for low dielectric losses [22, 23] and improves
film performance at high temperatures [24]. PP is sensitive to oxidation because of
its tertiary carbon [25] and the commercial granulates in the market are stabilized to
protect it during melt processing, usually by adding < 0.5 wt-% hindered phenolic
antioxidants such as Irganox 1010 [26].
Based on patent applications capacitor-grade PP may also contain small quan-
tities of acid scavenging additive, such as calcium stearate, to reduce the effect of
catalyst residues [27]. Several other patent claims exist on better capacitor films,
mentioning methods such as adding beta nucleating additives to improve film perfor-
mance and processability [17, 28] and mixing linear and branched PP [29]. Their use
in commercial products is not known since their recipes are not publicly available.
The PP granulates are hot-melt extruded and biaxially oriented either using
tenter or bubble process [30]. Both processes result in different film characteristics
[30]; metallized film capacitors mainly use tenter films which are reported to exhibit
superior high-field electrical properties [31]. The biaxial orientation improves the
mechanical, optical and barrier properties [30], the dielectric strength [3, 22], and in-
plane thermal conductivity [32] over bulk PP, the current technology enabling design
electric fields as high as 225 [13]–240V/µm[33]. Typical film thicknesses are in the
range of 2 µm to 20 µm and there is a trend towards thinner films, 1.9 µm becoming
available recently [34, 35]. Cooling conditions during processing are adjusted to
produce either a textured“hazy” or smooth film surface, the first providing wicking
action necessary for oil impregnation [22]. Nonetheless also smooth films have minor
surface texture [P8].
The oriented film is corona treated to facilitate metallization, and an electrode
of few tens of nanometers is metallized on the film surface. The electrode has a free
margin on one edge and sometimes a heavy edge on the other. The metal can be
zinc [36], aluminum [37] or their alloy [38]. The metallization can be uniform or
segmented, the latter offering improved reliability due to fusing action but at the cost
of increased dielectric losses [13]. The metallized electrode is self-healing, allowing
the capacitor to tolerate multiple breakdowns during service. When the film breaks
down, the faulted area is isolated because the metallization evaporates around it.
[39] Thin metallization is needed for reliable self-healing [40], and its resistance is
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the main cause of losses in metallized film capacitors [41].
Offsetted metallized films are wound, often on a mandrel, and non-metallized
films can be placed in between to increase the voltage rating. If mandrel was not used,
the winding can be flattened afterwards. End connections to the metallized electrode
are made by plasma spraying zinc on them. The resulting bond is incontinuous,
non-metallic and has contact resistance, but apart from pulsed power applications,
the effect of end-connection losses on capacitor performance are usually negligible
[42]. Nevertheless, it is the weak point of metallized film capacitors. [39, 43] A wavy
film edge is advertised to improve the end contacts [10, 44]. Weak points are removed
during manufacture by self-healing by applying voltage to the winding. Multiple
windings can be connected in series or parallel to reach desired capacitance and
voltage ratings. [45]
The wound capacitor is potted in a cheap plastic enclosure as-is, or placed inside
a metal can, possibly also vacuum dried, and the can is filled with inert gas (e.g.
Nitrogen, SF6), oil (e.g. Rapeseed), polyurethane or other resin [10, 13, 33, 46].
Suitable oils do not react with the metallized film and penetrate through the porous
end-connections filling any gaps. [45] Oil impregnation is advertised to result in
better cooling, being used at least in traction applications [33, 46], while dry designs
are advertised to be safer [47]. Partial discharging in the gap between the end-
contact and metallized film edge limits the use of dry designs in HV AC applications
[45]. Vacuum impregnation and metal casing provides hermetic sealing, greatly
increasing resistance to corrosion and PD [10], but is presumably more expensive.
Potted general-purpose capacitors are not sealed, and thus susceptible to corrosion
and oxidation [46], having limitations related to storage and operation in humid
environments [9]. As the self-healing action may fail [48], overpressure disconnector
can be fitted to the capacitor enclosure to prevent explosion [10].
The insulation life and thus the maximum permissible operating voltage of
metallized film capacitor depend on the voltage waveform and is reduced at high
temperatures [49]. For sinusoidal voltage stresses at low frequencies the maximum
allowable operating voltage is constant, limited by partial discharges whose inception
voltage is largely unaffected by frequency [50]. As frequency is increased the reactive
power and -current increase linearly. This results in a rapid increase of metallization
I2R losses and the resulting self-heating begins limiting the operating field. As
the frequency is increased further or in pulsed power applications the end contacts
become the limiting part. [9, 41, 51]
Partial discharges (PD) are a problem associated with harmonics and voltage
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distortion generated by power electronics. Pulse width modulated waveforms can
have higher peak voltages than sine wave of equivalent RMS, and since PD inception
is strongly influenced by voltage magnitude PD activity may begin, degrading PP
and other organic materials rapidly. This is seen as a strong relationship between
capacitor life and peak voltage. Fast sub-microsecond rise times accelerate PD
degradation further as voltage will increase during the time delay between applied
voltage exceeding partial discharge inception voltage (PDIV) and the discharge itself,
resulting in more destructive discharges of higher magnitude. [49, 52, 53] Partial
discharging may be unavoidable in converter-fed motor winding insulation systems,
but can and should be avoided in capacitors by proper design based on the real
voltage and current waveforms. It is thus a design issue, and not discussed further in
this thesis.
The life of a metallized polypropylene film power capacitor ends when the
capacitance has decreased sufficiently due to demetallization. Actual percentages
vary but are usually in the few percent range. [39] Gross design errors and events
outside human control aside, the life of MKP capacitor is dictated by the temperature,
electric field, and moisture [46]. Corrosion of metallization under moisture is well-
recognized and studied phenomena [54]. This can corrode the metallized electrode
and the end-contacts of non-sealed capacitors [55] but can be avoided by proper
drying and hermetic sealing [40, 56]. It is thus a cost optimization issue, and not
within the scope of this thesis. Capacitors for demanding high-reliability applications
are usually sealed.
In properly designed high-reliability applications, the ageing of metallized film
capacitors is thus dictated by temperature and electric field. Early studies using
oil-impregnated PP film suggest its life as the function of temperature can be modeled
using the Arrhenius relation, and the effects of voltage can be modeled using the
inverse power law [57]. As recently reviewed by Gallay [46] using manufacturer given
design guidelines these models seem to apply adequately also for modern metallized
film capacitors. Worth mentioning is also the failure of end connections under pulsed
and high-current excitation, explained by numeric simulation [42] and confirmed by
experiments [58]. It becomes a limitation also for power electronic designs if attempts
to increase capacitor energy density are successful and if the operating frequencies
keep increasing [51].
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2.1.2 Polypropylene Film – Foil Capacitors
Polypropylene film-foil capacitors, also known as KP for the German name Kunstoff
Polypropylen, are used where the highest voltages or currents, and thus the lowest
dielectric losses and inductances are required [39]. Typical application is series
compensation in high voltage power transmission grids. The electrodes are thin
aluminum foil, and thus the first breakdown is fatal for the element. Several films are
stacked as the probability of pinholes or other weak points ending up on top of each
other in high-quality films approaches negligible. The capacitors are oil-impregnated
and hazy polypropylene film is used to provide the necessary wicking action. Contrary
to metallized film capacitors, oils which react with the polypropylene and swell it
can be utilized. Epoxide containing oils can be used to suppress PD activity [59].
Film-foil capacitors usually consist of several elements stacked in series and parallel,
to increase the voltage rating and to provide defect tolerance should individual
elements fail.
The field enhancement at electrode edges is the weak point where overvoltage or
improper design may cause partial discharging leading to insulation failure. Various
techniques such as folding and laser cutting, all with rather similar performance
can be used to lessen the field enhancement at the edges [39]. The edge discharges
presumably occur in the oil, its breakdown strength being significantly less than
that of the PP film [39, 60], even though the breakdown strength of thin oil layers is
increased compared to 2mm gap used in IEC 156 measurement [61].
2.2 Emerging Technologies for Metallized Film
Capacitors
There is a need for capacitors with higher energy density and better thermal proper-
ties. Higher energy density enables more compact power electronics, and improved
endurance at high temperatures helps in the thermal design and -management of
power electronics where space is premium. In power electronic converters capacitors
are needed in the vicinity of heat-generating semiconductors. [41] These demands are
closely related, since assuming constant loss factor, heat generation increases linearly
with capacitor reactive power and unless the cooling performance is correspondingly
improved, the capacitor temperature will rise. The I2R losses caused by metallization
resistance increase with current and the dielectric must either tolerate the heat or
dissipate it. Metallization resistance cannot be decreased infinitely, since the thicker
metallization required would risk the self-healing action. The energy W stored in a
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capacitor is a function of capacitance C and applied voltage U and can be increased
by increasing either of them:
W = 12CU
2 (2.1)
Stored energy and thus the energy density increases rapidly if voltage is increased, but
the dielectric must be capable of enduring the increased stresses and careful design
is needed to verify PD is not incepted. This approach is not suited for applications
where the voltage is fixed (such as low voltage reactive power compensation) or
limited by other components such as semiconductors.
Polypropylene being a linear dielectric, the capacitance of a BOPP film capacitor
is independent of applied voltage. The capacitance of a film capacitor C can be
approximated well using a parallel plate model with electrode area A and thickness
d,
C = ε0εr
A
d
(2.2)
where ε0 is the vacuum and εr the relative permittivity. BOPP has a low relative
permittivity of 2.2 and thus capacitance can be increased by switching to a higher
permittivity dielectric such as biaxially oriented polyesters, whose relative permittivity
varies from 3.05 to 3.25. Polyesters such as polyethylene naphthalate (PEN) and
polyethylene terephthalate (PET) however have a lower dielectric breakdown strength
than BOPP, which requires reducing the operating voltage, and while doing so the
available energy density decreases in a power of two. Polyesters along with many other
high-permittivity dielectrics also suffer from higher dielectric losses that typically
increase with relative permittivity. [62] Therefore, polyester capacitors are most suited
for low-voltage general-purpose designs where their processability into sub-micron
films is a benefit.
2.2.1 Thinner Films
Reducing the dielectric thickness increases the capacitance and stored energy without
increasing the applied voltage. This way the energy density is increased without
exceeding deleterious partial discharge inception field at the electrode edge, which
is especially problematic for film-foil designs [60] but also for dry metallized film
capacitors [45]. This of course requires dielectric films capable of sustaining the
increased electric fields and the increased heat generation especially at higher frequen-
cies. An issue with thinner BOPP films is that the number of low breakdown voltage
weak points increases as film thickness is reduced. This is acknowledged in product
brochures [63–65] and supported by literature [2]. This may not be problematic for
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metallized film capacitors where weak points can be “burned out” during manu-
facturing. These weak points nevertheless determine large-area dielectric strength.
Weak points appear to be extrinsic of the film, as the thermal breakdown mechanism
suggested to hold true for BOPP [66] would result in dielectric strength increasing
with reducing thickness [67], which is indeed true for many polymer dielectrics [68]
and at least for parylene thin films [69] but appears not to be the case for BOPP
[2]. Weibull analysis of breakdown fields measured using large areas places the weak
points in a distinct subpopulation, which suggests that they originate from different
breakdown mechanism [2, 70], but no thickness dependence is recognized even in
the main Weibull population [2]. Thinner BOPP films also expand the market of
metallized PP capacitors to low-voltage applications that have been traditionally
dominated by polyester.
2.2.2 Polymer Nanocomposites
Polymer nanocomposites (PNCs) are plastics where nanometric particles are contained
in a polymer matrix. The particles can be of arbitrary shape, such as spheres, platelets
or tubes, but with at least one dimension is in the <100 nm range. Nanometric filler
size results in large surface areas where interaction with the surrounding polymer
can occur. These interactions may result in properties unlike the base materials. To
facilitate interactions between inherently incompatible nanoparticles and the polymer
matrix compatibilization is needed. As an example, hydrophobic polypropylene and
hydrophilic silica can be mixed if the silica is turned hydrophobic with a proper
surface treatment. This is similar to how soap molecules bond to a grease stain and
facilitates its dissolution in water. One surface treatment suiting fumed silica is with
Hexamethyldisilazane (HMDS), silica with this type of functionalization was used in
the PP-silica nanocomposites in e.g. [P1, P3, P4]. [71]
PNCs have demonstrated improved electric properties compared with their
base polymers, such as increased resistance to partial discharges and reduced space
charge accumulation, the latter explained by modified charge-trapping behavior. Due
to these advantages, PNCs are finding use in high voltage insulation other than
capacitors, where their unknown long-term and ageing properties have inhibited their
proliferation. [71–73] A prime example of the benefits of PNC technology is partial
discharge resistant enameled wires used in motor windings [74, 75].
Nevertheless, a few nanostructured materials for dielectric film have been
patented. A patent from 2008 [76] presents a film with better temperature sta-
bility and presumably also a higher permittivity than BOPP. This film is a dispersion
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of polyester and polycarbonate, one in the form of platelets with dimensions prefer-
ably less than 1 µm. In 2013 a patent was filed on polymer dielectric materials with
inorganic nanoparticles with claims of good high temperature properties above 200 ◦C
[77]. The inventor’s publication [78] specify boron nitride nanoparticles in polyimide
matrix as a promising combination with significantly reduced ionic space charge and
conductivity especially above 150 ◦C. A recent patent from 2016 presents a modified
PET-based film with nanometric silicon dioxide (silica) and boron fiber. This film is
claimed to result in less interlayer air and exhibit better high temperature properties
and longer life in application. [79]
Nanoparticle agglomeration must be avoided as it results in worse overall prop-
erties. The optimal nanoparticle loading in dielectrics is low to avoid percolation
failure paths and the purity of the base materials and adequate quality control must
be maintained to ensure possible “nano-effects” are not hidden under extrinsic
factors such as adsorbed water or contamination from external sources. [72, 73]
2.2.3 Computational Methods
Computational methods are advocated in the design of new high energy density
capacitors [41]. Methods can be coarsely divided into two categories, (1) those used
to predict the properties of new materials from molecular structure and (2) those
used to model the behavior of macroscopic structures, such as actual capacitors. Both
are integral parts of current capacitor development state-of-the-art and discussed
briefly.
Rational design methods are advocated to enable the identification and selection
of the most promising polymers from an almost endless number of possibilities for
synthesis and testing. It is much faster to calculate the properties of a dielectric than
to synthesize one in the laboratory and measure them. An extensive overview of the
available methods was published recently [41], highlighting the present capability
of density functional theory (DFT) and molecular dynamics (MD) –computations
to calculate several key dielectric properties of small-scale structures. Intrinsic
breakdown strength [80] and the real part of permittivity can be calculated with
reasonable accuracy, but the effects of complex morphology, the dielectric losses
below GHz, and degradation modes cannot yet be calculated [81]. Another approach
is to use data-driven methods to interpolate the properties of unknown compounds
from large datasets of known dielectrics, but such methods may not reveal, as stated
by Huan et al. in [41] any “remarkable “outlier” materials”.
As reviewed by Treich et al. in [81], results from the synthesis and characteri-
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zation of three generations of polymers based on rational design are available as of
2017. These organometallic polymers and polyimides have demonstrated small-area
dielectric strength comparable to BOPP, higher dielectric constant of 3 to 8 and
operating temperatures above 200 ◦C. On the downside, these materials still exhibit
relatively high dielectric losses. Initial problems with processability into thin films
have been at least partially solved and the aim is towards using commercially available
materials for cost reduction. No attempts to upscale the production of rationally
designed materials to pilot- or commercial level have been reported so far and the
technology appears to be limited to laboratory-scale film production.
Temperature has a significant effect on capacitor life; thermal design and thus
the energy density can be improved by numerical simulation. Finite element method
(FEM) modeling of capacitors has focused on two topics: the temperature rise and
associated failure of metallized film end connections in high current applications
[42, 43] and the hot spot location and -temperature during thermal stability tests [13].
Temperature rise in hot spots may ultimately determine the maximum rated operating
temperature. Improving the end connections is necessary to achieve increased power
densities [51], which can be envisioned to be reachable, for example, by using exact
knowledge on hot spot temperature rise to reduce “unnecessarily large” safety
margins. In addition to FEM, SPICE simulation originating from early the 70s [82]
has been used to study failures of metallized capacitor end-connections [83].
2.3 Nanostructured Materials
Nanostructured dielectric films for capacitors were studied in [P1, P3, P4, P6], thus
a more thorough review of this technology and its current state is warranted. As
outlined in Section 2.2.2, polymer nanocomposites (PNCs) are materials whose
properties are determined at a nanoparticle-polymer matrix interface. As with any
other technical materials, proper manufacturing process is needed to achieve the
desired performance.
As reviewed by Kumar et al. in [72], in 2018 polymer nanocomposites are
already relative well-established technology in several fields, major applications being
filled rubber tires and continuous fiber reinforced composites. Improving ordinary
materials by nanostructuration began to gather interest in the 90s, but has yet to
yield revolutionary advances in any major field. Dielectric polymer nanocomposites
are a small subset of nanostructured solids, which have been proposed to improve
insulation systems in various applications such as HVDC power transmission and
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rotating machines [84]. The focus of this thesis is on capacitor insulation, but cable
insulation systems are also reviewed briefly as selected additives are routinely used
to improve the latter [85, 86]. Nanoparticles are after all a subtype of additives and
thus the literature on cable insulation provides a solid starting point.
Nanometric fillers can be used in HVDC insulation systems to reduce space charge
accumulation and conductivity, accelerate charge dissipation during depolarization,
and increase the breakdown strength. The current consensus is that the reduced
space charge accumulation and higher resistivity of nanostructured materials are
caused by increased electron trapping [87], and that the accelerated charge dissipation
results from locally increased conductivity. The regions of increased conductivity are
truly localized, and thus a nanostructured material can exhibit reduced bulk DC
conductivity and accelerated charge decay simultaneously. [88, 88–90]
Space charge accumulation is a problem and a limiting factor for HVDC in-
sulation, as charge injection may cause local field enhancements that drastically
reduce the insulation life [91–93]. This injected charge will also increase the risk of
breakdown during voltage reversals [94], which are needed to reverse the direction of
power flow in current source converter (CSC) -based HVDC. While CSC technology
still offers the highest power transmission capacity [95], the technology trend is
towards voltage source converter (VSC) -based HVDC that accomplishes power flow
control without voltage reversals, thus avoiding this problem [96].
Extremely low conductivity, space charge suppression and increased breakdown
strength are among the key requirements for materials to enable ultrahigh DC voltage
transmission (UHVDC). Current XLPE-based DC cable insulation materials, usually
operated at low fields below 20V/µm, where space charge accumulation is negligible
[97], cannot answer this demand. Proper nanostructuration can improve several of
these key properties without degrading others, thus this approach is highly promising,
in addition and in combination with elastomeric insulation, that has the additional
benefit of recyclability over XLPE. [88, 89, 98] Similar improvements would also
enable increasing the operating ratings of capacitor insulation and thus the achieved
power density. This would yield VSC units that are more economical, as has been
presented in Chapter 1.
Extruded HVDC cable insulation is fertile grounds for nanostructuration as
additives are a well-established approach to suppressing space charge and improving
other properties such as treeing resistance [67, 85, 86]. Inorganic additives are known
to suppress space charge, but agglomerates increase the risk of breakdown [85]. Nan-
otechnology can be envisioned to provide better ways to compatibilize the filler with
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the surrounding polymer and thus by improving dispersion and reducing agglomer-
ation yield an improvement over the current technology. Compared to capacitors,
cable insulation is relatively forgiving environment, as it is several millimeters thick
and operated at relatively low fields below 20V/µm [97]. Moreover, other necessary
additives cause localized field enhancements [96] which the insulation system has to
tolerate. These can be envisioned to be the reasons why even micron-sized agglom-
eration of nanoparticles was not considered deleterious even in 500 kV XLPE/MgO
cable insulation [90]. Indeed the preferred particle size of <15 µm reported by Hanley
et al. [85] is reachable even with significant nanoparticle agglomeration. One may
imagine that the negative effects of small localized field enhancements are compen-
sated by the overall reduction of space charge in the surroundings. Optimum filler
loading for nanodielectrics is in the few percent range, to prevent the formation of
percolation-type failure paths [72].
Numerous examples of nanostructured materials claiming improved space charge
properties are found in scientific and patent literature. To name a few, in 2011
an extensive characterization of hot-pressed XLPE samples with and without 5 %
of nanosilica was published [89]. In this study, the silica nanoparticles reduced
the amount of accumulated and residual charge and increased the resistivity. The
improvements were greater if the silica was surface functional with a chemical coupling
agent to promote its dispersion. Only minor variations in dielectric breakdown
strength were reported, and the silica-containing materials exhibited significantly
higher dielectric losses. In another study published in 2015 syndiotactic PP (sPP)
compounded with 0.5wt.% to 1wt.% hydrophobic silica was space charge free at
60V/µm as opposed to unfilled sPP and XLPE [99], the hindrance of sPP is however
its high price [96]. As reviewed in [100] inorganic nanoparticles also reduce the charge
accumulated in iPP and EVA (ethylene vinyl acetate) at high fields, but decrease
the charge injection threshold, the latter may be avoidable by improving the purity
of the fillers [101]. 500 kV nanocomposite HVDC cable with higher resistivity and
reduced space charge has been developed with main insulation of XLPE with 1wt.%
of silane-treated nanometric magnesium oxide, compounded using a master batch
approach [90]. It is unclear whether this type of cable has been installed somewhere.
Patented nanostructured HVDC cable materials claiming improvement in space
charge properties include polyethylene compounded with functionalized inorganic
nanoparticles such as silica, titania or magnesium oxide [102], polypropylene and
LDPE with either silicon or titanium dioxide or carbon black [103], XLPE with
nanodispersed carbon black, iPP compounded with EPDM rubber and surface treated
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nano zinc oxide [104] and fullerene [105]. Prysmian [106] has patented a cable with
untreated nanofiller having reduced space charge accumulation at 30V/µm compared
to unfilled references. The patents usually mention several other additives besides
nanoparticles.
Nanocomposite HVDC cable has been installed at least between Spain and France
[72]. It was not known at the time of writing this thesis if other nanocompounds
have been commercialized and used in full-scale cables. The lack of knowledge on
the ageing and degradation of nanodielectrics is still a recognized issue [72] and
can be reasonably assumed to hinder the mainstream adoption of nanomaterials.
Moreover, improper manufacturing such as too high nanoparticle loading, improper
or only partial surface functionalization or external contamination will lead to various
problems masking any possible “nano-effects” [72, 73].
The electric fields in capacitors are decade higher than in cables, yet compared to
cable-grade polyethylene [86] BOPP appears to be extremely resistant to space charge
accumulation, as little conduction current associated with space charge is measured
even at 500V/µm [97] at room temperature. Nanostructured capacitor films have
demonstrated promising short- and long-term properties [107], also with functionalized
hydrophobic silica [2], the addition of which improves space charge behavior in cable
and bulk insulation. To the authors knowledge literature mentions no attempts to
characterize the space charge properties of nanostructured biaxially oriented thin
/ 20 µmfilms. It would be extremely interesting to know if these films demonstrate
increased resistance to space charge injection as that could translate to longer
insulation life or alternatively to higher possible design fields. Nanostructuration
has been also used to improve the high temperature properties of polyimide thin
films. [78] For capacitors improving the in-plane thermal conductivity would be of
interest [108], but no attempts to realize such measurement on nanostructured thin
films was found in literature. Measurement would need a full winding of such film,
as small-area measurements are complicated [108].
Agglomeration is a challenge in nanostructured capacitor films as contrary
to cable insulation even micron-sized agglomerates span considerable portion of
the film cross-section, and result in severe field enhancement. Self-healing designs
tolerate a few such agglomerates and resulting breakdowns but the amount of any
agglomerates should be kept at a very low level. A recent study demonstrated DC
ramp-rate dependency in 4.5wt.% hydrophobic SiO2–filled BOPP nanocomposite
film [109]. Ramp rate dependency in the publication’s timescales equals extremely
short insulation life under high-field electrical stress. While the general conclusion
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drawn of the charge dynamics being the culprit is reasonable justified, it would be
interesting to know if root cause for this phenomenon is in the nano-interface or
agglomerates inside the material.
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Chapter3
Experimental – Capacitor Films at
High Temperature
“In physical science a first essential step in the direction of learning
any subject is to find principles of numerical reckoning and methods for
practicably measuring some quality connected with it."
— William Thomson, 1st Baron Kelvin, Electrical Units of Measurement, a
Lecture delivered at the Institution of Civil Engineers May 3, 1883
Regardless of the way better capacitor dielectrics are developed, their electrical
properties must be screened sooner or later to ensure no harmful trade-offs are being
made. Some commonly cited performance metrics of metallized film capacitors result
directly from film properties while others are more determined by design choices.
Properties resulting from film properties include the permissible operating and storage
temperature and physical size, the corresponding properties being degradation and
melting at high temperatures and the maximum tolerated electric field determining
the energy density. Properties more related to design choices are the rated voltage
and losses, determined by the number of series connected elements, impregnation,
hermetical sealing and metallization type and geometry, these are only indirectly
related to film properties. Service life depends both on design choices and film
properties: hermetic sealing, allowable temperature range, voltage endurance of the
insulation and so on.
Electrical and thermal properties of films are directly related, as any increase in
the reactive power Q results in an increased power loss Pdissipated and self-heating
[110]:
Pdissipated = Q× tan δ (3.1)
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Metallized film capacitor loss factor tan δ cannot be decreased infinitely since
the main cause of the losses, the metallization resistance cannot be decreased without
risking the self-healing functionality[40]. Metallized film capacitors can be regarded
as a relatively mature technology already operable close to the material limits with
design fields around 30 % of the short-term small-area breakdown strength [33] and
operating temperatures 65 % of the melting point [110]. Therefore, improving the
film performance at elevated temperatures or developing films with increased in-plane
thermal conductivity are required to develop film capacitors with higher energy density
[41]. Thermal conductivity can be easily measured only from capacitor windings,
requiring resource intensive industrial film production [108], while measuring the film
performance as a function of temperature requires only laboratory-scale oriented
films and a broad selection of standardized methods and measuring equipment has
been available for decades [111]. Regardless of the way better films are pursued,
screening the dielectric properties as a function of temperature is required to ensure
all trade-offs are recognized and tolerable. There is some room for trade-offs in film
capacitor design, e.g. the dielectric loss of the base film may be increased slightly as
long as its contribution to the total loss (and heating) is kept negligible. On the other
hand even a moderate increase in accumulated space charge will locally increase the
electric field and reduce the insulation life from years to months [92].
Film-foil capacitors have less room for trade-offs, as the foil electrode losses are
negligible and the dissipation factor of the film itself has greater impact on the total
capacitor losses. Dielectric heating is to be avoided as even a moderate increase in
the hot spot temperature can reduce the insulation life significantly. Weak points
are also undesirable as single breakdowns decimate whole elements.
While moving from short-term breakdown voltage tests at room temperature to
measurements at elevated temperature, then to constant stress times-to-breakdown
measurements and finally to long-term and ageing experiments of several thousand
hours, the measurements become progressively more time consuming and require
more effort. Simultaneously the test conditions become closer and closer to the real
use application in capacitors, and the measurements bring forward subtle differences
between films.
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3.1 Variation of the Fundamental Dielectric
Properties with Temperature
3.1.1 Decrease of Breakdown Strength at Elevated
Temperature
The short-term DC breakdown strength of BOPP film at room temperature is in
the range of 500V/µm to 800V/µm, and decreases with increasing temperature and
measurement area [66, 112, 113]. In the absence of partial discharge activity and
at short measurement times the AC breakdown strength approaches the DC value
[114], as also verified in [P3], but may decrease at higher frequencies due to dielectric
heating [115]. Ho & Jow reported in 2012 [66] a monotonic 11% decrease in DC
breakdown strength between 25 ◦C to 100 ◦C for a 7 µm film, they also propose that
the high field breakdowns of BOPP are of thermal nature and influenced by hopping
conduction. Sanden & Ildstad reported in 1998 [116] a greater but still monotonic
32% decrease between 20 ◦C to 100 ◦C for a 50 µm stack of two BOPP films. This
and any other old BOPP film breakdown data at elevated temperatures should be
evaluated carefully as it may be influenced by impurities in the film which reduce
the DC breakdown strength above 50 ◦C to 60 ◦C [24], but interestingly the high
temperature results presented in [116] do not display the abrupt change associated
with impurities [24].
In this thesis the large-area multiple breakdown measurement system developed
in our research group for studying thin plastic films [2, 117] was upgraded to support
measurements at elevated temperature [P2, P5, P7]. The nominal dimensions of the
square large-area electrode in these measurements are 90mm × 90mm, yielding to
an active area of 81 cm2. A rudimentary form of this method has been used to study
thin Metal-Oxide-Semiconductor (MOS) capacitors [118]. The high temperature
measurement was realized with a new heat resistant test bench made of PTFE
and glass and an 800W hot plate system to control the temperature of the test
bench accurately. The final embodiment of this system with the highest temperature
accuracy incorporated a test chamber with forced air circulation, heated with 800W
PID-controlled heaters. The temperature accuracy achieved with with this system was
3% and the measurements were time-efficient because the temperature stabilization
took only approximately 10min. A transparent glass window enabled real-time
observation and video recording (or photographing) the breakdowns and other
discharge events. This system is primarily intended for short-term tests in air, but
is also suitable for tests in inert gas. Inert atmosphere or other means to prevent
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Figure 3.1: Final embodiment of the circuit used for large-area high temperature
DC breakdown and voltage endurance measurements. The latter are reviewed in
Section 3.2.1. a) Schematic diagram of the test setup, from [P7], ©2018 IEEE. b)
Photo of the test oven, with a sample fastened. Its key components are 1) two 400W
heaters, 2) 800W hot plate, 3) PTFE sample holder, 4) thermocouple 5) cross-flow
fan. By changing the sample holder the same setup is used for single-breakdown
measurements. Gasifying materials must be excluded from the oven as the fumes
may affect the dielectric under test.
oxidation would be required to conduct longer tests for the test conditions should be
representative of service conditions in actual capacitors. The high temperature test
system is illustrated in Figure 3.1 and the decreasing DC breakdown strength of the
various BOPP films studied in publications [P2, P5, P7] is depicted in Figure 3.2.
The system was evaluated by measuring the DC breakdown strength of a com-
mercial smooth 10 µm BOPP film at 100 ◦C using several ramp rates [P7]. The char-
acteristic 63.2% short-term large-area breakdown strength decreased from 770V/µm
to 690V/µm between room temperature and 100 ◦C and further down to 600V/µm
with slow ramps where breakdown occurred typically after 40minutes. The 10%
decrease with short measurement times agrees well with the results presented by Ho
& Jow in [66]. The results from the slowest ramp should be evaluated cautiously as
oxidative degradation may have had time to damage the film.
Measuring the breakdown strength at elevated temperature instead of at room
temperature has two advantages: materials performing well at room temperature but
not at real operating temperatures are detected and differences between materials are
revealed. These benefits were exemplified in [P5], where two industrially produced
BOPP films whose highly isotactic base materials were of different molecular weights
were compared. In general this type of comparison can be used to e.g. select
the most promising base material or to adjust a process parameter. At room
temperature these films had displayed similar large-area breakdown performance
and high characteristic breakdown strength of 790V/µm comparable to commercial
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Figure 3.2: The breakdown strength of the 10 µm and 6 µm commercial BOPP
films studied decreased by 10% and 14% between 23 and 100 ◦C. The high ≈20%
decrease in two other highly isotactic “hi-iso” BOPP films studied indicates inferior
performance at typical operating temperatures which in some applications extend
today above 100 ◦C. High temperature short-term measurements can bring forward
such differences between films.
products. At 100 ◦C however, the breakdown strength of one film had decreased
more in the <50% probability region. This revealed difference is illustrated in
Figure 3.3. The characteristic 63.2% breakdown strength of both films decreased by
≈20%, which is rather high in comparison with the 10% to 11% decrease achievable
with commercial capacitor-grade BOPP films [66, P2, P7, P8]. This highlights the
potential for improvement of the high temperature performance with these films.
Rather unsatisfactory performance at elevated temperature was also evident in
subsequent DC electro-thermal ageing tests, where planar test capacitors constructed
from these films were rapidly destroyed when subjected to 200V/µm at 100 ◦C.
Nonetheless, the lack of knowledge on the constituents and processing of these films
prevents definite conclusions on this aspect and prohibits root cause analysis. Such
analysis was however not within the scope of this thesis, and the results exemplify
the potential of high temperature multi-breakdown measurement to reveal differences
between films, and aid in steering their development by doing so. More details of the
ageing experiment are presented in Section 3.3.
In publication [P2] it was concluded that being briefly subjected to temperatures
up to at least 100 ◦C in atmospheric air does not adversely affect the room temperature,
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Figure 3.3: The importance of high temperature breakdown strength measurements.
Two BOPP films of different base material were compared. (1) At room temperature
their breakdown strengths were similar, (2) but at 100 ◦C the breakdown strength of
the second film decreased more in the <50% region. This results also exemplifies the
importance of gathering tens of breakdown data points: because the characteristic
63.2% breakdown strength (3) is similar at 100 ◦C, the difference might not have
been visible if only the IEC 62539 recommended minimum of 10 breakdowns were
measured.
large-area DC breakdown behavior of commercial capacitor-grade BOPP film. Large-
area DC breakdown behavior is a sensitive indicator of thermally activated permanent
changes in the film [4, P1], and as it remains unchanged thermal degradation is
highly unlikely. Consequently it was deducted that DC breakdown measurements at
least up to 100 ◦C can be conducted in atmospheric air, as was done in all subsequent
progressive stress and voltage endurance tests at elevated temperature.
In publication [P2] thermal degradation caused by brief exposure to elevated
temperatures was evaluated by subjecting a commercial, metallized 6 µm BOPP
film film to temperatures between 60 ◦C to 100 ◦C for durations in the range from
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10min to 20min and then measuring their large-area DC breakdown behavior after
cooling to room temperature. The time range correspond to a typical warm-up and
temperature stabilization time in a high temperature breakdown measurement. It
is in advance of the application of the electric field. In this study the film was also
measured at room temperature, 60 ◦C, 80 ◦C and 100 ◦C. Between room temperature
and 100 ◦C the characteristic breakdown strength decreased by ≈14%. At some
point there were concerns about the temperature accuracy of this early system, but
these were alleviated as the results aligned well with successive measurements on
commercial film reported in publications [P7, P8]. These latter measurements were
done using systems with better temperature monitoring capabilities and forced air
circulation.
Omitting the hot oil eliminated hazardous fumes and the risk of swelling. Some
dielectric oils swell BOPP films and increase their thickness, which must be taken into
account [119]. Ingress of oil also increases the breakdown strength [120] of at least
hazy films; measuring the dielectric properties of a swelled PP film does not reveal the
film characteristic, but rather those of a film-oil multicomponent insulation system.
Earlier it has been established [2] that the DC breakdown strength of ≈10 µm BOPP
films at room temperature is not affected by whether the test fixture is immersed
in dielectric oil or in ambient air. This is explainable by the slow reaction between
the “Shell Diala” oil used and PP at room temperature. Typically the breakdown
measurement reported in [2] ended a few minutes after the sample had been subjected
to the oil, thus it had had no time to swell. At elevated temperatures, the reactions
become near instantaneous, as was verified in an early test trial where BOPP film
samples wrinkled instantly when immersed in heated oil of the same type. This was
hypothesized to indicate instant a physical change and oil absorption.
Summary: High Temperature Large-Area Multiple Breakdown
Measurement
Section 3.1.1 focused on a large-area method to determine the variation of the DC
breakdown strength of capacitor films with respect to temperature. This method
utilizes 81 cm2 self-clearing electrodes and highly automated discharge energy and
-voltage based data analysis. A photograph of a typical measurement setup is
presented in Figure 3.1 b, additional imagery can be found in [2]. Primary purpose
of these measurements is to screen capacitors dielectrics based on the decrease of
breakdown strength with increasing temperature. Such screening is justified since high
breakdown strength at maximum overload temperatures is a fundamental requirement
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in practical application, and one of the current research gaps is the lack of proven
high temperature capacitor dielectrics. This method enables more rapid acquisition of
statistically significant amount of data points than well-established single-breakdown
approaches, such as those described in IEC 60243. Usage of square 110mm ×
110mm samples makes this measurement applicable in all phases of capacitor film
development, even prior to large-scale film manufacturing. Based on the experience
of the research group with this type of measurements, repeatable results are achieved
with four samples, but major deviations are identified with a single measurement.
The typical time required for one measurement is 15 minutes, thus one type of film
can be characterized at one temperature in approximately one hour. The total
time required for associated sample preparation and data analysis depends on the
user proficiency and the required level of detail respectively. Usage of e.g. manual
thickness correction, as was done in [P4], may increase the time required. The main
limitation of this measurement is that if done in air, this approach is best suited for
short measurements in the range of a few minutes, at in longer tests film degradation
may influence the results.
3.1.2 Measuring the Dielectric Permittivity
Dielectric permittivity  is a material property that defines its capability to store
electrical energy. It has a complex value whose real part ′ defines the recoverable
electrical energy and imaginary part ′′ the energy lost as heat. The tangent of the
angle between real and imaginary parts is the loss tangent, tanδ. Permittivity is
a function of temperature, frequency and field strength [111] and can be measured
in a broad frequency range from 10−6Hz to 1012Hz [121]. Electronic and atomic
polarization contribute to the permittivity of plastic insulation in power electronics
frequencies below 106Hz, but often more interesting are the effects of orienting
permanent dipoles, if present, and charge migration, the latter also explaining
DC conductivity. Charge may also accumulate in polymer-electrode interfaces
and in internal interfaces of nonuniform systems. Dielectric spectroscopy provides
information on this wide range of phenomena and is thus a powerful tool in material
development. [121, 122]
To the authors best knowledge there is lack of published information on how
to prepare BOPP thin film samples for dielectric spectroscopy, and this prevents
dielectric spectroscopy studies of thin BOPP films. That is, despite the availability
of measuring equipment [123, 124], application notes [125, 126] and books [111, 121].
The literature focus on the physics of dielectric relaxation and the workings of
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measurement devices, but does not explicitly state the key factors for acquiring
reliable and repeatable results. In measurement techniques commonly utilized below
106Hz the sample is usually a small capacitor [121], which requires metallized
electrodes to make a low-resistance electrical connection with the measuring system
and to eliminate air layers between sample surfaces and the electrodes. Importance
of adhesion of the metal to the sample surface is recognized in literature, and can be
improved with multilayer metallization [127].
Developing a sample preparation procedure for the dielectric spectroscopy of
BOPP films was part of the thesis work. Work focused on physical vapor deposition
(PVD) methods as conductive silver paint was found unsuitable early on. It did not
adhere to the non-polar polypropylene and there were concerns regarding possible
interactions with the solvent. PVD encompasses a variety of methods such as sputter
deposition and evaporation, where metal is vaporized, transported and deposited
on the subrate surface [128]. Literature mentions the use of sputter deposited
silver [113] and evaporated aluminum [129], silver [16] and gold [66] electrodes in
permittivity and/or DC conduction measurement of BOPP films. Evaporated zinc
and/or aluminum is also used in the commercial production of metallized films.
Various procedures to condition the metallized samples before measurement are
mentioned in literature: Kahouli et al. annealed their silver-evaporated (30 nm)
samples short-circuited for 2 h hours at 120 ◦C [16] or 1 h at 100 ◦C [130] in nitrogen
to ensure the good reproducibility of measurements, which was attributed to removal
of space charge and mechanical constraints. The low tanδ values in the range of 10−4
to 10−5 presented in both papers agree with typical BOPP film specifications [35, 63].
For similar reasons Ho & Jow [66] conditioned their gold evaporated (100 nm) samples
short-circuited at 70 ◦C for 24 hours before their conduction measurements. In [130]
attempts to limit infrared heating during deposition are also mentioned.
A series of test trials was conducted between 2015 to 2017 within the research
group using several DC magnetron sputter coaters mainly marketed for electron
microscopy sample preparation. Lot of work was done on sputter deposition because
of the availability of the equipment, their compact size, and affordability. Adjusting
the sputtering parameters yields different metal structures whose properties often
differ from bulk metals [128]. Variables in the test trials included, but were not
limited to deposited metal (gold-palladium alloy, gold and silver), process time and
current, throw distance, pre- and post-treatment using heat and vacuum and constant
versus intermittent sputtering in attempt to reduce heating of the plastic sample.
Numerous masks made of plastic, sheet metals or tape with different geometries were
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also tested.
The recurring problem with sputter deposited electrodes was abnormal dielectric
losses, typically in the range of tanδ = 10−2 to 10−3 and sometimes with major
loss peaks in the 10Hz to 106Hz range, neither of which were realistic as the loss
tangent of capacitor-grade BOPP is a decade less, in the range of 10−4 over a wide
frequency span[16, 22, 35, 63, 130]. These abnormalities are exemplified in Figure 3.4.
Unless stated otherwise the permittivity measurements presented were done at room
temperature using Novocontrol Alpha Analyzer and BDS1200 sample cell, typically
at 1V to 3V, and sample capacitance was such that tanδ accuracy of 10−4 or better
was attainable [131] in the the frequency range of interest, typically between 10Hz
to 105Hz. Problems with the measurement device itself were ruled out on multiple
occasions using low-loss reference fixtures.
It was recognized that by increasing the amount/thickness of the sputtered
metal realistic values for real permittivity between 2.2 and 2.3 could be obtained.
Also, the measured tanδ decreased, but the losses settled at abnormally high range
around tanδ = 10−3. Visible heat-induced film deformation could be eliminated by
decreasing the process current or increasing the throw distance. In general, longer and
continuous deposition yielded the lowest dielectric losses. It was hypothesized that
because of the negligible heat capacity of the sample, thermal damage and associated
deformation would occur almost instantly if critical energy flux is exceeded, and
intermittent sputtering e.g. in 30 second intervals would not redeem the situation.
In one test trial increasing the thickness of the electrodes brought the tanδ
values down the the realistic range below 1.8× 10−4. These samples were dried in
vacuum for 24 hours before measurement, after which the sample with the thickest
electrodes displayed increasing losses with decreasing frequency below 100Hz, typical
behavior of a material whose dielectric behavior is governed by slow mobile charge
carriers [122]. This effect disappeared after the sample had been stored for a few days
at room temperature and it was hypothesized that the low-frequency behavior of
thin film samples is easily influenced by charge injected during metallization. These
results are demonstrated in Figure 3.5. The sputter coater used in this test trial
broke, and the result could not be reproduced after repairs. In 2016 a M.Sc. thesis
[132] was done about using sputter deposition for electrode preparation, but despite
the significant amount of work-hours contributed to the topic concerns about the
reproducibility of the method persisted.
While the studies on the sputter deposition still continued, research on using
electron beam “E-Beam” evaporation for sample preparation was initiated by the
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Figure 3.4: Gross errors in the measured permittivity of a 14.4 µm BOPP film caused
by failed sample preparation. By manufacturer specification the tanδ values should
lie in the shaded green region.
author. The Leybold L560E E-Beam evaporator used is significantly more complex
and the deposition is done in a higher vacuum compared with the sputter coaters, the
latter improves the purity of the deposited metal but the required pumping makes
the process more time-consuming. Additional advantage compared to the sputter
coaters used was the high level of automation, which improves reproducibility as all
process parameters can be set numerically. In the available sputter coaters e.g. the
throw distance had to be adjusted by hand. In the first test trial aluminum electrodes
with a diameter of 12mm and thickness of 100 nm were deposited on a 14.4 µm hazy
BOPP film; gold sputtered samples of this type of film had displayed the realistic
tanδ values of 1.8× 10−4 once. Two parallel samples prepared displayed stable
tanδ values of 4× 10−4 over a broad frequency range, which were significantly less
compared to what was normally obtainable using sputter deposited electrodes. Since
the value was still above the manufacturer specification, in the following trial golden
electrodes were evaporated on samples of same film. Gold is more expensive but
does not oxidize in air, and should therefore provide a better electrical contact [130].
Electrode thicknesses of 50 nm and 100 nm and the effects of pre-drying in vacuum at
moderate temperatures of 30 ◦C or 50 ◦C were evaluated. The samples with golden
electrodes displayed dielectric losses in the range of tanδ = 2× 10−4 to 4× 10−4, that
is on average lower compared to samples with aluminum electrodes. There was some
variation between individual samples and the advantages of pre-drying were not clear.
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Figure 3.5: The dielectric losses measured from BOPP film samples settle in the
manufacturer-specified region below tanδ 1.8× 10−4 (shaded green) as the electrode
thickness is increased (low→med→hi). Charge injected during metallization may
affect the low frequency behavior of the sample with thickest electrodes, but the
effect disappeared with time as seen from the “rested” sample.
Immediately before deposition, the samples were washed in 2-propanol and fixed to
a sample holder in a clean room environment. The sample holders were laser cut
from thin sheet metal. The samples were not annealed before dielectric measurement
as such process is claimed to remove an increase of losses with increasing frequency
[130] but in our measurement no such effect was seen. Dielectric spectra of samples
prepared with Leybold L560E evaporator are illustrated in Figure 3.6.
Evaporating golden electrodes with a diameter of 12mm and thickness of 50 nm
was the first sample preparation method to yield repeatable results falling close to
the range of the manufacturer’s specification. The tanδ accuracy of this method
was estimated to be 2× 10−4, e.g. loss levels below it could not be measured as
they are masked behind the additional losses induced by the sample preparation.
Nevertheless this accuracy is enough to detect major changes e.g. notable water
absorption [133] in hydrophilic nanocomposites. This approach also enabled mass
production of up to 36 samples at a time, but was not suitable for very thin (a
few µm) samples; the attempt resulted in short circuited electrodes. It was used to
study the effects of electro-thermal ageing, compounder screw speed and antioxidant
loading of laboratory-scale BOPP films. The first two did not affect the loss levels
markedly but reducing the antioxidant loading decreased the losses, as expected from
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Figure 3.6: Results from early evaporation test trials, the dielectric loss tangent is
slightly above manufacturer specification (shaded green area).
literature [23]. The losses of the materials were slightly higher than the estimated
accuracy, which suggests that the results stem from the properties of the films itself
and not the sample preparation. These results were published in [P4].
Test trials continued with an Instrumentti-Mattila E-beam evaporator in attempt
to reach tanδ accuracy in the range of 1× 10−5 , that is the loss level of modern
high-crystallinity polypropylene film [16]. The Instrumentti-Mattila evaporator is
located in ISO 14644-1 class 6 clean room facility and operates in higher vacuum
(P<10−6mbar) compared to the Leybold L560E used earlier. First tests were carried
out on with a hazy 10 µm film that is a currently available commercial product and a
substitute for the type of the 14.4 µm film used earlier. No pretreatments were done
as their benefits could not be ascertained with earlier evaporation test trials.
The first test trial with the 10 µm film and 100 nm silver electrodes with a
diameter of 22mm yielded ultra-low loss tangent values in the 10−5 range, that
is below the manufacturer-reported maximum. These measurements were done
immediately after metallization. Similar sample preparation was repeated with
a smooth 10 µm metallized BOPP film, an electrode was also evaporated on the
side with Zn-Al metallization. The losses were slightly higher, in accordance with
the publicly available datasheets and in the range specified by the manufacturer
below tanδ =3× 10−4. Two samples each were tested and the result were similar.
The variations in real permittivity were probably influenced by the use of average
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Figure 3.7: Hazy film samples with silver evaporated electrodes displayed ultralow
dielectric loss tangent in the tanδ =10−5 range. The shaded green area is the
manufacturer specification. The losses in pre-metallized film were higher in accordance
with product specifications (shaded orange area)
manufacturer-reported thickness of 10 µm in attempt to avoid extra handling. The
results are presented in Figure 3.7
Based on expert advice it was decided to test a two-layer metallization consisting
of 10 nm bonding layer of nickel and 100 nm of gold on top. Otherwise, the process
was similar. The layers were deposited without breaking the vacuum in between.
Two parallel samples were prepared and their permittivity results were the same
as with the silver-evaporated samples, as demonstrated in Figure 3.8. Finally, two
test trials were conducted with pure gold (100 nm) electrodes ( = 22mm), the first
with the “original” 14.4 µm hazy film and the second with the 10 µm “substitute”
film. Gold metallized samples of both films exhibited realistic low losses, the tanδ
was in the 10−5 range over a broad frequency range. Slight decrease of the dielectric
losses in the / 10Hz frequency range was evident in measurements done on the days
after metallization, supporting the hypothesis of charge being injected in the film
during metallization. Interestingly the losses in this frequency range decreased even
in samples that were not stored short-circuited. The conclusion of these test trials is
that the choice of metal appears not to be critical for successful sample preparation.
In this thesis work a reproducible method to prepare BOPP thin film samples
for dielectric spectroscopy was found: high accuracy tanδ measurement was enabled
by using an Instrumentti-Mattila E-Beam evaporator. During the thesis work various
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Figure 3.8: Similar ultra-low loss values were measured from samples with either nickel-
gold or silver evaporated electrodes. Shaded green area represents the manufacturer
specification.
reasons were proposed to explain the high loss levels in samples with sputter deposited
electrodes, including but not limited to thermal damage, the low vacuum characteristic
of sputtering process and water absorbed in the film. Nevertheless the lone success
with sputter deposited gold electrodes appears to counter any claims related to
inherent unsuitability of sputter deposition process, and the low losses measured
from evaporated samples without any pre- or post-treatments virtually eliminates
the possibility of absorbed water. Knowledge of one suitable method is of great aid
during material development, but in the end further work is still needed to unravel
the true factors behind successful sample preparation.
Summary: Dielectric Permittivity Measurement
Section 3.1.2 recounted the work done to measure the complex dielectric permittivity
of capacitor films with extremely low intrinsic losses. Primary purpose of these
measurements is to screen capacitor dielectrics based on their capability to recoverable
store electrical energy. Such screening is required when developing materials for high
energy density capacitors. Realistic results were repeatably achieved with electrodes
fabricated by electron beam evaporation in high vacuum, such as those depicted in
Figure 3.9. This thesis work shrank the research gap in the preparation of low loss
thin film sample; measurements itself can be conducted using commercially available
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Figure 3.9: a) “Hazy” 14.4 µm BOPP film sample used in a dielectric permittivity
measurement. b) BOPP film sample in a typical electrode arrangement: sandwiched
between two  = 20mm electrodes. This arrangement is then fastened to a sample
holder. A “wave washer” can be placed in between to stabilize the sample pressure
during large temperature variations in attempt to reduce the risk of puncture. These
electrodes are gold.
off-the-shelf hardware and analysis is supported by an extensive body of literature.
One recognized limitation of the metallization method presented is that using
it, no feasible method to prepare guard rings could be devised. While the effect of
not having guard rings in a permittivity measurement was not quantified, the results
aligning well with literature suggests it was not significant at least under the low
electric fields involved. Owing to the extremely low intrinsic losses of capacitor-grade
BOPP films, the accuracy of the measurement device used has marked contribution
to the error in the results, which is amplified towards lower frequencies. To provide
an general idea, with top-of-the-line devices, tanδ accuracy of at least 1× 10−4 can
be expected in the “power electronic” frequency range of 101Hz to 105Hz [131]. Only
minor variation in the complex permittivity was detected between duplicate samples
of same film or with samples metallized in different batches – one measurement
may be enough for a baseline characterization. Especially in high field measurement
involving DC voltage the effects of charge trapping should be considered because of
the tendency of BOPP films to store charge, see Section 3.2.2 for more information.
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3.2 High Field Properties
3.2.1 Voltage Endurance Evaluation
When an insulation system is subjected to an electric field and it does not break
down instantly, a breakdown may still occur after some time has passed. If during
every voltage cycle the insulation is subjected to an electric field corresponding
to a finite, non-zero breakdown probability, the probability of insulation failure
accumulates as the amount of cycles experienced increases [67]. The insulation may
also age, that is, suffer irreversible changes that eventually decrease the breakdown
field sufficiently to cause a breakdown [92], same principles apply regardless of the
voltage waveform [134]. The times to breakdown t are typically widely scattered,
and a Weibull distribution F (t) can be used to model the behavior [92, 134]:
F (t) = 1− exp
[
−
(
t
α
)β]
(3.2)
where α is the characteristic life corresponding to 63.2% probability of failure, and
β is the shape parameter, which defines the scatter and relates to the failure rate
[92, 135]:
• if 0 < β < 1 the failure rate decreases with time,
• if β = 1 the failure rate is constant and the failures are random,
• if β > 1 the failure rate increases with time and reliability approaches zero due
to progressive degradation [1].
These three regimes model the bathtub curve of reliability: failures caused by
major defects etc. tend to occur early and thus the failure rate decreases initially,
remaining constant during the service life, only to begin increasing again later as
ageing begins to compromise the insulation integrity [92, 135]. A β value of > 1 in a
relatively short voltage endurance test indicates unfavorable conditions the insulation
system cannot withstand.
The time to breakdown increases from seconds to years as the electric field stress
is decreased, this relationship between insulation life L and electric field E can be
modeled using the inverse power law (IPL) [92, 134]:
L = c× E−n (3.3)
where and c and n are model parameters. Parameter n, also known as the voltage
endurance coefficient VEC, determines how rapidly the insulation life increases as
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stress level is decreased, thus a high VEC is preferable in applications requiring long
service life. VEC can vary with temperature [92], increase at high fields or approach
infinity at low fields if a threshold field for electrical ageing exists. In such cases,
or if long- and short-term breakdowns are caused by different phenomena (e.g. PD
in short-term testing), long-term endurance cannot be extrapolated from high field,
short-term test results, indeed the relevant standard IEC 61251 calls for voltage
endurance tests with duration of at least 1000 h[134, 136]. Within its scope of validity
however the inverse power model is a valuable tool often used in insulation system
design [92].
It is thus established that the figures of merit for voltage endurance are a high
value of VEC and a failure rate decreasing with time, β < 1. These parameters are
determinable either using times-to-breakdown tests at several constant voltages or
with progressive stress tests at multiple ramp rates. The latter can be analyzed using
a methodology detailed in IEC 61251 [134] or methods developed by Dissado & Hill
[118]. The IEC 61251 recommended testing procedure is to evaluate the high field
behavior first using quick ramp tests, and then move to more time-consuming tests
at pre-determined constant voltage levels. Times to breakdown in ramp tests tr can
be converted to equivalent lifetimes at constant voltage tc if the IPL exponent n is
known and constant in the relevant range [134]:
tc =
tr
n+ 1 (3.4)
Censored Weibull analysis is required if all samples do not break down during testing
[135] or if specimens are removed during measurement [137], these statistical methods
are beyond the scope of this thesis.
Modern capacitor-grade BOPP film exhibits excellent DC voltage endurance
at room temperature, n being in the range of 20 to 30 [109]: for XLPE at room
temperature values of 15 to 20 are possible [138]; and for solid insulation under AC
values between 8 to 15 are typical [134]. Earlier in 1989 Cygan et al. had determined
the DC voltage endurance of a 25.4 µm BOPP film in transformer oil, and found
IPL to fit the data well, giving the power law exponent n an value of 14.11 at 23 ◦C,
decreasing to 11.07 at 90 ◦C [57]. This and any other older BOPP film life data
should be evaluated carefully as possible impurities are known to affect the breakdown
performance of BOPP films especially above 50 ◦C [24].
Voltage endurance testing is required in the development of new dielectrics
because having a high breakdown strength does not necessarily correlate with good
voltage endurance [1, 109, 134]. The importance of voltage endurance evaluation
in capacitor film development has been demonstrated in [109], where the DC volt-
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age endurance of 4.5wt.% SiO2 -BOPP nanocomposite film was studied at room
temperature. This film had similar short-term breakdown strength of 700V/µm
compared to the otherwise similar non-filled reference, but voltage endurance testing
with multiple ramp rates reveled that the nanocomposite film had lower VEC and its
failure rate increased with time, equaling to shorter insulation life. These results were
explained with “highly altered charge dynamics” [109], but it must be emphasized
that these measurements were done at electric fields stresses far above realistic
operational fields, and film performance at operating conditions cannot be predicted
from such data. This non-extrapolatability is discussed later in this chapter. Besides,
it would be interesting to know the role of nanoparticle agglomeration in such thin
≈16 µm samples. Similar results: a good, in their case improved, short-term DC
breakdown strength but decreased DC voltage endurance and an increasing failure
rate have been reported also for XLPE - 1wt.% compatibilized SiO2 nanocomposite
between 20 and 60 ◦C [1, 139]. Nanocomposite materials can exhibit better partial
discharge- and thus AC voltage endurance in presence of PD [75], but these benefits
are not relevant in PD-free applications, such as hermetically sealed capacitors —
the performance under DC field cannot be inferred from AC experiments. Thus
DC voltage endurance testing is established as a recommended approach to evalute
capacitor film performance.
In this thesis the large-area multiple breakdown measurement methodology,
already featured in several journal articles [3, 117, P4] and theses [2, 4], was adapted
to DC times-to-breakdown measurements [P7, P8]. These measurements are suitable
for voltage endurance evaluation. The measurement procedure is presented in Figure
3.10, the test setup in Figure 3.1 and the data analysis workflow in Figure 3.11. With
this method the DC high-field voltage endurance of a smooth commercial 10 µm
BOPP film at 60 ◦C, 80 ◦C and 100 ◦C was determined. In these measurements, DC
field and/or gentle physical swiping were used to push out air bubbles from between
the metallized film electrodes and the sample film in advance of the application of
the full test voltage. Following equation 3.3 the insulation life is highly dependent on
magnitude of the electric field and thus the effect of the 50V/s to 200V/s voltage
ramps and any pre-stressing at lower electric fields could be ignored. The strong
field-dependency however necessitated the use of a closed-loop controller to maintain
the field stress constant. The adjustments were required to compensate for the
varying voltage drop across the series resistances.
Excluding non-breakdown discharges and non-independent breakdowns with
a data qualification procedure is the first analysis step of a multiple breakdown
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Figure 3.10: DC voltage endurance test process.
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measurement. Similarly to the progressive stress tests, an oscilloscope recorded the
current and voltage waveform of all discharges energetic enough to cause a major
voltage drop. The apparent self-healing energies of each discharge were integrated
from these records, and the data qualification was based on the dependency of the
self-healing energy Esh on the breakdown voltage Ubd and capacitance C partaking
in the self-healing [140]:
Esh = a× C × U bbd (3.5)
where a and b can be regarded as constants in a constant voltage and –temperature
measurement. The self-healing energies should follow a slowly decreasing trend as the
active area and with it the capacitance C reduces. All discharges whose calculated
energy deviated significantly from this trend were excluded, as were those occurring
at lower voltage, this indicating a rapid successive self-healing. The first events were
also reviewed manually using photographs and any discharges at sample edges were
expunged. To harmonize the results only 10 first qualified events from each sample
were used in further analyzes. 4 parallel samples were measured in each conditions,
yielding 40 data points total. A two-parameter Weibull distribution of Equation 3.2
was fitted to the qualified data points, and the inverse power law of Equation 3.3 was
fitted to the Weibull α/characteristic life values. The results are presented in Figure
3.12, also presented are results from small-area (“SA”) DC breakdown measurements
conducted in room temperature oil using brass electrodes and large-area breakdown
measurements at 100 ◦C. Both were done at four ramp rates and the results were
converted to equivalent times-to-breakdown at constant voltage using equation 3.4.
Power law exponent n was calculated using the Dissado & Hill methodology [118]
used also in [109].
The VEC decreased with with temperature, as seen from Figure 3.12, but
the failure rate was increasing with time in all high temperature constant stress
measurements as seen from the Weibull β > 1 in the confidence contour plot of
the Weibull parameters presented in Figure 3.13 A and B. The insulation life at
400V/µm and 60 ◦C was significantly longer than in other, more severe, test conditions.
Therefore, for the sake of clarity the life contours of this experiment are presented in
part B of the figure. The rest of the data is presented in part A. This progressive
degradation indicates these high-field conditions were unsuitable for the film, indeed
in a typical voltage endurance test the sample experienced breakdowns until no active
area was left. Due to time constraints the longest tests were sometimes interrupted
after ten proper breakdowns were recorded, but due to the increasing failure rate,
given time these would have resulted in total elimination of active area as well. As
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Figure 3.12: DC voltage endurance of three BOPP films, from constant and progressive
(prog.) stress tests. The lifetime of all three depended significantly on the applied
voltage, this dependency decreased with temperature. Smooth BOPP film appears
to have a longer life than hazy variants, but the results are not comparable as Hazy
film is designed to operate in an oil-film insulation system.
the operating temperature of BOPP film capacitors extend (slightly) above the range
studied [9], temperature itself hardly caused the degradation, but rather the primary
cause was the electric field significantly above the highest reported design fields of
240V/µm in applications requiring reliability [33], pulsed power aside.
The Weibull β and thus the failure rate decreased with decreasing DC electric field
stress and temperature in measurements lasting from minutes to hours, but increased
again in the longest measurement at 450V/µm at 60 ◦C. It was hypothesized that at
this point the antioxidants were depleted and oxidation had began to degrade the
film. This alone would limit the usefulness of DC voltage endurance measurements
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figure. Notice the different horizontal scale.
in ambient air to the time range from minutes to hours, as oxidation would not be
representative of the phenomena in hermetically sealed capacitors, as explained in
Chapter 2. Longer measurements should be conducted in inert conditions, such as
nitrogen or degassed dielectric oil.
The lifetimes extrapolated from high field data were over a decade less than the
several hundred thousand hours [33] what is expected from film capacitors — life
at real operating conditions 225V/µm [13] – 240V/µm [33] is not extrapolatable
from the high-field data. The lifetime was correlated with arbitrarily chosen required
reliabilities of 90% and 95%, but similar conclusion can be drawn regardless of the
percentile chosen. The results are tabulated in Table 3.1. This non-extrapolatability
means a non-constant VEC, a possibility mentioned in IEC 61251 [134], that increases
at lower electric fields. In the measurement conditions high field degradation is
taking place. This phenomenon is explained in [66, 141] as superlinearly increasing
conductivity and formation of space charge limited field: at high fields traps no
longer hinder the movement of charge carriers; from ageing point of view the excess
energy inside the material can accelerate thermal degradation by decreasing its
activation energy [92]. The threshold for this high field ageing in “typical polymeric
dielectrics” is around 285V/µm and in the range of 500V/µm for BOPP [66], these
thresholds decrease with temperature [141], thus high field ageing is plausible in
46
3.2. High Field Properties
the test conditions used. Worth mentioning is that apart from microscopic stress
enhancements the high-field phenomena is nonexistent in AC endurance testing as
it would lead to thermal runaway and rapid breakdown [141], these aspects explain
why the IEC 61251 standard, that is primarily for AC voltage endurance evaluation
[134] does not explicitly mention such increase of VEC when transitioning from high
to medium fields.
Table 3.1: Insulation life in hours, extrapolated from high-field voltage endurance
data, with 90% one-sided confidence bounds.
Use field: 240V/µm DC:
95% reliability 90% reliability
upper CB est. lower CB upper CB est. lower CB
60 ◦C 13194 8089 4959 18770 11644 7223
80 ◦C 266 165 103 377 237 149
100 ◦C 39 27 19 54 38 26
Use field: 225V/µm DC:
95% reliability 90% reliability
upper CB est. lower CB upper CB est. lower CB
60 ◦C 31883 18823 11113 45393 27096 16174
80 ◦C 608 362 216 862 520 313
100 ◦C 79 53 35 109 74 50
Another fundamental consideration is whether the high field degradation observed
in the short time range of hours in the presence of oxygen is representative of
degradation phenomena in capacitors where oxygen is eliminated altogether or its
ingress is inhibited by slow diffusion through encapsulation. If not, voltage endurance
testing in air does not provide useful feedback for R&D process, as the means to
improve the voltage endurance in oxidizing environments (e.g. increasing antioxidant
loading) would not be beneficial, and might even have negative effects in capacitors
[142]. On the other hand, if the degradation phenomena remains the same, but is just
accelerated, voltage endurance testing in air proves itself as an relatively easy and
quick tool to compare different films. From AC point of view it has been proposed in
1993 [143] that aging accelerated in oxygen-saturated oil would be representative for
ageing of high voltage capacitors but further research on this topic from DC point of
view and using modern BOPP films is warranted.
It is proposed that an upper threshold for tolerable electric field, as a function
of temperature, is determinable with voltage endurance tests by extrapolation to the
field corresponding to constant failure rate, that corresponds to Weibull β of 1 in
47
Chapter 3. Experimental – Capacitor Films at High Temperature
Figure 3.13 [144]. Using this threshold to guide material development is advocated, as
an improvement would indicate that the material being developed should be capable
of sustaining higher electric fields. It is not claimed that below this field electrical
ageing is negligible, as the very concept of such thresholds is debated [92], but as
dictated by Weibull statictics [144] above this threshold the dielectric is in inherently
unstable condition that is bound to lead a dielectric breakdown. It is anticipated
that below this field the insulation life is significantly lengthened, and thus voltage
endurance testing may become unfeasible. Nevertheless the threshold should be
verifiable by ageing tests slightly below the extrapolated value— if the threshold
is valid one should observe the first two regimes of the bathtub curve of reliability:
some “weak points” breaking down in the beginning followed by a long stable time
period with a possibility of a few “random failure” breakdowns. Determining the
duration of this stable period before the onset of end-of-life degradation, as a function
of electric field and temperature, can be envisioned as a way to rationally engineer
the service life of a capacitor dielectric.
DC conductivity measurements are advocated to cross-check the threshold for
high-field ageing, but inert conditions [41] and/or sophistical measurement methods
[145] may be necessary to mitigate the effects of breakdowns at high fields. Worth
emphasizing is that the sample preparation procedure described in Section 3.1.2
is also suitable for DC conductivity measurement, indeed such measurements have
already been conducted and reported in [146] and are also a prominent in [P8]. The
DC conductivity of the same type of film as used in endurance testing was in the range
of 10−14 S/m to 10−17 S/m which is in line with commercial BOPP film specifications
[35] and the long-term conductivity decrease observed is also recognized in literature
[147]. The film did not exhibit field-dependent conductivity in the measurement
conditions extending to 250V/µm at 30 ◦C and 200V/µm at 100 ◦C [146], this result
is in agreement with the thresholds stated earlier in this chapter. Work is being
done to enable measurement at higher fields by preventing partial discharging in the
sample cell .
In this thesis work a large-area multiple breakdown constant voltage times-
to-breakdown measurement was developed and used to evaluate the DC voltage
endurance of a 10 µm smooth commercial capacitor-grade BOPP film. A method
to determine the upper limits for design electric field is proposed, this threshold
was associated with the threshold of progressive high-field degradation. It was also
recognized that this high field degradation prevents extrapolation of the insulation
life at design field from high field experiments. Before the role of oxygen during short
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measurement times is verified, further voltage endurance evaluation is recommended
to be done in non-oxidative environments representative of a sealed capacitor.
Summary: Multiple breakdown voltage endurance measurement
The focus of Section 3.2.1 was in a large-area multiple breakdown method for voltage
endurance measurements. These measurements are used to determine the distribution
of breakdown times when a capacitor film is subjected to electro-thermal stresses
less than what would cause a (nigh) instantaneous insulation failure. They can also
be used to determine the thresholds for the onset of rapid high field ageing and to
screen materials based on their voltage endurance. Known and adequate voltage
endurance is a requirement for the capacitor dielectrics used in applications where
the service life is tens of years. The times-to-breakdown are inherently scattered, and
the multiple breakdown approach expedites the acquisition of statistically significant
amount of data points compared to the well-established “one sample – one breakdown”
approaches.
The measurement resembles the progressive stress multiple breakdown tests
recounted in Section 3.1.1 and depicted in Figure 3.1: both utilize similar 81 cm2
self-clearing electrodes and take advantage of highly automated discharge energy-
and voltage-based data analysis. The main differences are in the data analysis and
sample configuration: in endurance tests scissored electrode edges were folded and
interlayer air was removed meticulously. Use of square 110mm× 110mm samples
enables both measurements to be capitalized starting from early laboratory-scale
phases of film development. Consistent results were achieved with four samples.
The main limitation with the voltage endurance tests was that the insulation
life at service conditions could not be extrapolated from high field data, presumably
due to rapid high field degradation. Additional complication with this type of tests
is that at least measurement longer than a few tens of minutes should be done in
inert conditions to prevent oxidative degradation not representative of capacitor
application. Sophisticated sample handling procedures are also needed to limit the
amount of foreign particles between film layers. These aspects are now being actively
researched by the research group.
3.2.2 Space Charge in Thin Films
In the context of this thesis space charge refers to electrical charge inside a solid
dielectric. Space charge may distort the internal electric field and may greatly
reduce insulation life: in plastic insulation it is typically undesired. Space charge
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accumulates above a temperature-dependent threshold electric field at interfaces
formed by inhomogeneity and field-dependent conductivity. This threshold is why
space charge on large scale is a phenomenon unique to DC excitation: apart from
microscopic defect regions AC fields sufficiently high to cause charge injection in
the bulk would lead to thermal runaway. [91, 97] Space charge and DC conduction
are fundamentally related, and these measurements supplement each other: the
threshold field for space charge accumulation is in the region where the external
conduction current transitions from linear to exponential with regard to the applied
electric field [97]. Repetitive packet-like charge injection can also be observed as
peaks in conduction current. With multiplexing, both measurements can be carried
out near-simultaneously [148].
Space charge measurement can be regarded as well-established technology: in
2006 by Cigré published a comprehensive guide from building a measurement system
to analyzing the results [149], in 2017 IEEE published a standard for the space
charge characterization of extruded HVDC cables [5], and at least one commercial
measurement system for cable and sheet samples is available [150].
There is plenty of literature on space charge in plaque and cable samples that
are (at least) several hundred micrometers thick; the measurement systems for such
thick specimens do not require the micrometer-scale spatial resolution necessary
to characterize the internal charge distribution in capacitor films. Nevertheless, at
least one high resolution (a few µm) pulsed electro-acoustic (PEA) space charge
measurement system is described in literature. It has been used to visualize space
charge at the interfaces of a three layer, 25 µm Kapton®-composite film [148]. The
requirements for high spatial resolution are short excitation pulses (<1 ns pulse
width), a thin (/ 1 µm) piezoelectric sensor and an analog signal path and analog-
to-digital converter (ADC) whose bandwidth extend up to several GHz; the sample
capacitance must also be minimized. Proper microwave engineering is needed in
the sample cell design to preserve the pulse waveform from the generator to the
film under test, and to ensure the high frequency components of the PEA signal are
not lost in the analog signal path from piezoelectric sensor to the ADC. The high
frequency components are required to reach the high resolution, and they can be
distorted by attenuation, reflections at impedance discontinuities and variations in
group delay. The author would endorse 3D electromagnetic simulation in the design
of / 1 µm spatial resolution PEA system to characterize modern, / 10 µm capacitor
films. The development of such system is currently hampered by the scarcity of
commercially available sub-µm piezoelectric polyvinylidene fluoride (PVDF) films;
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elaborately hand-made film or other type of transducer is required. The three other
piezoelectrics listed in the comprehensive Cigré manual, SiO2, LiNbO3 and PZT-4
are brittle single crystals or polycrystalline materials. This brittleness might not
be a problem in industrial manufacturing, but using brittle sub-micron wafers in
a custom-built system is challenging. At present, the absence of high resolution
commercial solutions necessitates unique, individually-built systems. [148, 149, 151]
The electrode material has a strong effect on the apparent DC conductivity of
BOPP films [146] and based on their interrelation [97] an effect on space charge
behavior would also be expected. Also in HVDC cable insulation systems the insulator-
semiconductor interface has a significant effect on space charge accumulation [93].
Thus it would be beneficial if space charge measurements on capacitor films were
done using an electrode system similar to what is used in the real capacitors, instead
of the combinations of bulk metal and semiconductive layers that would represent
HVDC cables. Depending on the application a representative electrode system for
capacitor films is either evaporated metal or aluminum foil with the impregnating
liquid used in the relevant capacitor design. Preferable the hazy films designed for
impregnated film/foil designs should be measured only after proper impregnation. For
metallization the prodecure described in Section 3.1.2 would provide solid grounds
to begin with, but to the authors best knowledge no attempts to directly measure
space charge in metallized capacitor films have been published.
In this thesis work PEA method was used to characterize space charge accumu-
lation in thin capacitor films [P6, P8]. In [P6] a nanostructured biaxially oriented
film and its otherwise similar non-filled reference film were studied at high DC fields
up to 400V/µm at room temperature, 40 ◦C and 60 ◦C. The thicknesses of the films
were approximately 15 µm. In [P8] a commercial BOPP film manufactured from
classic isotactic polypropylene homopolymer was measured in largely similar high
field conditions and temperatures but up to 500V/µm at room temperature. This
smooth and non-metallized film had a nominal thickess of 10 µm. All measurements
consisted of 30min polarization (“Volt-On”) followed by 10min of depolarization
(“Volt-Off”). The high voltage electrodes were discs cut from a semiconducting
material and the ground electrode was a polished aluminum block. The piezoelectric
was a 9 µm PVDF film. The resolution of this system did not allow direct observation
of the internal charge profile, but an increasing intensity of the PEA signal was
associated with charge accumulation and a stable signal with the lack of it.
All three films films were space charge free at room temperature up the highest
measurement field (400V/µm and 500V/µm respectively) but with increasing tem-
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Figure 3.14: Polarization in thin film PEA measurements. An increasing PEA signal
intensity marks an increasing amount of space charge inside non-filled PP material,
especially at higher fields the nanostructured material appears to reach a stable state
within minutes.
perature space charge accumulation was evident in both the non-filled reference film
and the commercial 10 µm film while less charge accumulated in the nanostructured
film. In [P6] similar reduction in the accumulated charge was also measured in
≈0.5mm cast film samples of similar constitution at lower 6 50V/µm DC fields at
60 ◦C. Examples of the behavior of the thin films studied in [P6] during measurements
at 60 ◦C are presented in Figure 3.14. Albeit preliminary, these results suggested
that:
1. Nanostructuration can increase the threshold for space charge injection in
capacitor films.
2. Similar effect is observed in non-oriented cast films of same composition.
Correlation does not imply causality, but if it can be verified that the space
charge properties of oriented films at high fields can be determined by measuring
their precursor cast films at medium fields, this knowledge would support material
development because
1. materials could be screened early, without the need for time-consuming bi-axial
orientation, and
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2. space charge characterization is greatly simplified. Measurements on cast films
have the benefit of not needing an elaborate high resolution measurement
system, which would be needed for direct measurement on oriented films.
The improvement in space charge performance of the nanostructured material
was associated with an increasing number of shallow charge traps resulting in increased
trap-controlled apparent mobility. The effect is more prominent with increasing
temperature. The increased charge mobility in both oriented and cast films was
apparent in PEA measurement during depolarization: the injected charge (in cast
films) and the signal intensity (in oriented films) decreased more rapidly compared
to the corresponding non-filled reference materials. In fact, the charge mobility
in non-filled PP was so low that it was found nearly impossible to reuse the cast
film samples as space charge was detected in them even after the sample had been
short-circuited overnight at 60 ◦C; this persistent charge can be explained by deep
trapping.
Recent thermally stimulated depolarization current (TSDC) measurements con-
ducted within the research group [152] have confirmed that there is significant deep
trapping in non-filled BOPP and heavily attenuated deep trapping together with
a higher presence of shallow traps in a nanostructured PP-based biaxially oriented
film. The calculated trap depth depends on the analysis method, but in general
the deep traps are in the range of 1.08 eV to 1.1 eV and the shallow traps lie in the
range of 0.75 eV to 0.9 eV. The DC conductivity of these nanostructured materials
was lower than their non-filled but otherwise similar references. Additionally, the
charge decay was accelerated by the inclusion of nanoparticles. Together with the
results presented in [P6], it is affirmed that similar benefits can be achieved by
nanostructuring capacitor films that has been achieved in cable insulation. For
details on the latter, please see Section 2.3. Worth emphasizing that the materials
used in [152] were newer and of different constitution and processing than the ones
used in PEA measurements in [P6].
Summary: thin film space charge measurement
In Section 3.2.2 a pulsed electro-acoustic (PEA) method to observed charge accumu-
lation in thin capacitor films was described. Space charge measurements are used for
a wide range of purposes, one of them is the screening of materials based on their
capability to resist charge injection and -accumulation under DC voltage. Charge
injection and accumulated “space charge” have negative connotations and are often
associated with ageing and degradation. There are still major research gaps related
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to space charge phenomena in thin films, nevertheless this thesis work contributed
to that research with results that suggest that nanostructuration may increase the
threshold for space charge injection in capacitor films and cast precursor films alike.
The principal limitation with thin film PEA measurements is that achieving the
spatial resolution required to quantify the internal charge profile requires extremely
sophisticated measurement system specifically tailored for 10 µm -scale films.
3.3 Long-Term Reliability
One approach to the ageing of electrical insulation was presented by Fothergill in
ICSD 2007 [153], that is to define three phenomena with different time constants:
(1) ageing, that is a continuous process occurring during insulation life and may lead
to degradation, (2) degradation, that leads to breakdown in less than the required
service life and (3) breakdown, which is rapid and often catastrophic loss of the
insulation resistance. While for many insulation systems Fothergill’s statement that
well-designed insulation systems should not breakdown or degrade is true, clearly it
does not apply to metallized film capacitors which tolerate numerous breakdowns
without a loss of functionality, or to large film-foil capacitor banks which may be
designed to have element- and component-level fault tolerance. Localized degradation
occurs in capacitors, which results in breakdowns. Excessive ageing would of course
necessitate costly refurbishment. The factors that determine the ageing rate of
capacitors at component-level were briefly reviewed in Chapter 2, this section centers
on the DC electro-thermal ageing of BOPP film insulation in > 1000 h time range.
In this thesis work, the DC ageing of dry BOPP film insulation systems was
studied from a phenomenological point of view. This thesis concentrates on the film
itself: what happens in it when subjected to electric and thermal stresses comparable
to capacitor design, far below what should be required to cause the rapid failure of
the insulation system, apart from a few isolated breakdowns that are acceptable in
metallized film capacitor designs. Using the term “insulation system” is warranted
as the film is always used as part of one, in contact with electrodes, impregnant,
etc.; the interactions between PP and oil and the oil quality may affect the ageing
behavior [154]. It was of interest to determine whether ageing could be hindered
by varying film manufacturing parameters and/or the base material constitution, or
if these changes would change the ageing phenomena entirely. Worth mentioning
is that polymeric materials can also “age positively”, that is, their properties may
improve with time. This behavior originates from a slow reorganization of polymer
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chains in the solidified state [155]. Indeed, an increase in the breakdown strength
of BOPP films after thermal conditioning was demonstrated earlier in the authors
M.Sc. thesis [4].
A broad range of dielectric and material measurements were evaluated to identify
those most suitable for detecting and evaluating the degree of electro-thermal and
thermal ageing in BOPP films. In literature, the ageing of BOPP film insulation
systems has been associated with changes in breakdown behavior [154, 156], morpho-
logical properties [157], molecular weight distribution [158] and crystallinity [159].
Typically this 20 to 30 year-old research has been conducted using BOPP films and
impregnating liquids which may not represent the current state of capacitor film
technology, as the capacitor BOPP industry has evolved since then: recently one
film producer launched a new product with claims of significantly improved electrical
performance [160] and an improvement in the purity of the base PP is evident from
improved breakdown performance at high temperatures, see Section 3.1.1. The older
literature is also often about the ageing of oil-impregnated, not dry, film systems.
Thus as background for this thesis it is argued that when the thesis work began,
there was no up-to-date consensus in the published scientific literature about the
ageing phenomena in BOPP films used in dry BOPP film insulation systems. Thus
there were no recommended practices to evaluate them.
A large-area DC electro-thermal ageing system was developed and using it two
1000 h DC electro-thermal ageing tests were conducted. The method and results
from the first experiment have been published in [P4] and results from the second
experiment have been published in [P5]. These ageing tests were done using self-
healing metallized film electrodes and inert N2 atmosphere to represent conditions
in sealed capacitors by preventing oxidative degradation (see Section 2.1.1 for the
background).
The purpose of the first ageing experiment was to determine whether ageing
could be hindered by varying a process parameter (compounder screw speed) or
base material constitution (antioxidant loading, the addition of hydrophobic SiO2
nanoparticles, base PP type), or if these changes would change the ageing phenomena
entirely. To identify the effects of ageing the experiment was preceded and followed by
the characterization of the large-area DC breakdown behavior at room temperature,
complex dielectric permittivity (see Section 3.1.2), antioxidant contents and degree of
crystallinity, the latter two using gel permeation chromatography (GPC) and differ-
ential scanning calorimetry (DSC) [P4]. Eight different PP-based biaxially oriented
films were aged at ≈100V/µm DC at 75 ◦C for 1000 h. Based on temperature logger
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data the target temperature was maintained within 0.5 ◦C, but due to differences in
the film thicknesses the average field stress varied between 95V/µm to 108V/µm.
The materials were:
• Series 1: PP1-ref and PP2-ref: the references, made from different grades of
isotactic PP provided by Borealis Polymers Oy
• Series 2: PP1-sil and PP2-sil: two nanostructured films from the same PP
grades compounded with 0.9wt.% hydrophobic fumed silica Aerosil®R 812 S
• Series 3: PP1-LoAO and PP1-HiAO: the antioxidant series, one film with less
(0.20wt.%) and another with more (0.60wt.%) antioxidant
• Series 4: PP1-LoSS and PP1-HiSS: the screw speed series, two nanostructured
films similar to PP1-sil but compounded with lower (200 rpm) or higher (350
rpm) screw speed.
Apart from their corresponding test series the nominal additive loading was 0.35wt.%
of Irganox 1010 and 0.0075wt.% of calcium stearate, the nominal compounder screw
speed was 300 rpm. The raw materials were dried at 70 ◦C and vacuum treated and
processed in a way that they shared the same thermal history. A detailed description
of the material processing is available in [P4].
Large-area DC breakdown behavior was found to be the most sensitive indicator
of BOPP film ageing: with ageing the overall breakdown strength decreased and
electrically weak points appeared, the latter corresponded to low-field breakdowns
deviating from the main Weibull distribution. Electrically weak points appeared
also in a commercial 14.4 µm hazy BOPP film aged simultaneously for 1000 h at
66V/µm DC and 75 ◦C. Weak points with low breakdown strength in aged films
have been reported at least also by Umemura and Akiyama in 1987 [156]. The
bulk material properties of different compounds were not affected by the ageing but
varied between materials, most notably with PP1-HiSS demonstrating a lower degree
of crystallinity and melting point and the PP1-LoAO having the lowest dielectric
losses at 50Hz. Systematic or significant change with ageing was seen neither in
crystallinity, molecular weight, antioxidant contents or dielectric permittivity, the
absence of antioxidant conversion however confirms that major oxidative degradation
did not occur. As the changes in DC breakdown characteristics were the most
informative indicator on ageing progression the relevant results are presented in
Figures 3.15 and 3.16. The key points to observe are:
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Figure 3.15: DC breakdown characteristics of new and aged PP-based biaxially
oriented films from series 1-3 at room temperature.
• In series 1 and 2 the characteristic (63.2%) breakdown strength of PP2-sil was
the highest before ageing, but it decreased the most with DC electro-thermal
ageing.
• The DC breakdown behavior of PP-1 and its nanostructured variant PP1-sil
were similar before and after ageing.
• Of series 3 aged PP1-HiAO had slightly lower breakdown strength in the medium
probability region, but higher breakdown strength in the low probability region.
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Figure 3.16: DC breakdown characteristics of new and aged PP-based biaxially
oriented films from series 4 at room temperature. Please mind the different horizontal
scale than in 3.15.
• With electro-thermal ageing weak points deviating from the main Weibull
distribution formed in all materials except PP1-HiAo and PP1-HiSS
Joint conclusions will be presented after the results from the second ageing
experiment.
In the second ageing test two 5.6 µm BOPP films based on highly isotactic
polypropylene grades with different molecular weights were evaluated. These films
were provided as film rolls. The methods and results are published in [P5], and the
high temperature breakdown performance of these films was discussed in Section
3.1.1. The ageing test duration and target temperature were 1000 h and 100 ◦C, in
this experiment three different stresses were evaluated:
• Thermal stress only
• Thermal stress + 100V/µm DC
• Thermal stress + 200V/µm DC
All samples subjected to 200V/µm DC were destroyed by discharge activity during
the first days of the test. This was surprising considering the electric field stress
was below the current design fields of 225V/µm to 240V/µm. However since the
breakdown strength of these films decreased more between room temperature and
100 ◦C than the 11% achievable with commercial films (please see Section 3.1.1),
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it can be speculated that there is room for improvement in the high temperature
performance of these two films. Further analysis is hindered as not much is known of
the constitution and film processing these films. Out of the films aged at 100V/µm
DC the breakdown strength of both films decreased, and the relative decrease was
greater in the film which had shown superior performance at 100 ◦C. Electrically weak
points (low-field breakdowns) had formed in both thermally and electro-thermally
aged films. Additionally the crystallinity (determined with DSC and WAXS) of the
films had increased after ageing regardless of the presence of electric field. These
films were probably not heat-treated after orientation and being subjected to 100 ◦C
caused secondary crystallization.
Based on these observations from the two ageing tests the following is proposed:
• The formation of weak points is associated with localized DC electro-thermal
and thermal ageing of BOPP.
• Improvement in short-term breakdown performance does not mean improved
long-term properties.
• The nanostructured PP which had comparable short-term DC breakdown
performance before ageing maintained this quality after electro-thermal ageing.
• Base material constitution (antioxidant loading, the addition of hydrophobic
SiO2 nanoparticles, base PP molecular type and weight) and process parameters
(compounder screw speed) all affect the DC electro-thermal ageing behavior.
• By varying antioxidant content and compounder screw speed the formation of
weak points can be suppressed.
Especially interesting would be to examine whether the absence of weak points
in nanostructured PP1-HiSS holds true and did not result from the statistical nature
of breakdown phenomena. If verified, it means that proper nanostructuration in
combination with optimized film processing can suppress the formation of weak
points which is the dominant ageing mechanism at least under DC, and thus suppress
the ageing of capacitor insulation.
The efficiency of the large-area DC breakdown measurement in detecting ageing-
related changes originates from its “bottom-up” approach, as during such measure-
ment a large area (typically 81 cm2) is probed continuously, and the degraded regions,
no matter how small, break at lower voltages than their non-aged counterparts. This
method has been similarly successful in characterizing e.g. the effects of interlayer
pressure and film processing related aspects [2, 3, 161]. Material and permittivity
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measurements on the other hand evaluate the “bulk” properties from a large volume,
and if the degradation that had occurred was only minor and very localized the
changes would be swamped or “averaged out” by the majority of volume that is still
intact (or even improved if positive ageing had occurred), and/or hidden behind the
inherent measurement (in)accuracy that was present due to the limited amount of
aged material available for analysis. Scarcity of aged material is expected during
early capacitor film development when films are producted only in laboratory scale.
Summary: Ageing Test Method Used in the 1000 h tests
In Section 3.3 a large-area ageing test method was described. Imagery can be found
in the appended publications. One advantage of this measurement approach is the
use of self-clearing metallized film electrodes that allow the test to continue beyond
the first breakdowns. Another advantage is that the required amount of film for
thorough material characterization can be aged simultaneously, and a planar geometry
makes it applicable already prior to large-scale film manufacturing. Nevertheless, this
brings forth its main limitation: without an external source of compressive force or
electrodes metallized directly on the sample film surface this approach is not suitable
for AC ageing. Similarly to the voltage endurance tests strict procedures are needed
to exclude foreign particles from between the ﬁlm layers.
One key difference between the ageing test and the breakdown measurements
described in sections 3.1.1 and 3.2.1 is that instead of breakdown statistics, the
objective of the ageing tests is to detect and quantify the changes in the film induced
by prolonged exposure to moderate-low electro-thermal stresses. Such testing is
called for because knowing how a dielectric material ages is fundamental before it
can be considered suitable for use in high reliability applications. The ageing test is
preceded and followed by extensive material characterization, and the stress levels
used should be selected in a way that the films are not severely degraded. Results
published in [P4, P5] suggest that especially large-area breakdown measurements
should be included in the material characterization. A typical test capacitor has an
active area of several hundred cm2, the number of test capacitors made of each type
of film can be selected in a way that even after few isolated breakdowns at least
four intact 110mm × 110mm samples could be prepared afterwards for large-area
multiple breakdown tests.
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3.4 Using Dielectric Measurements to Steer Film
Development
In this last section, an approach to applying the methods presented earlier in Chapter
3 to the research & development of capacitor dielectric films is proposed. An overview
of this approach is presented in Figure 3.17. This section focuses on this testing
scheme and not on the implementations of individual tests, as these were discussed
earlier in this chapter. Nevertheless, some practical issues encountered during the
thesis work are highlighted. For some measurements the lack of comprehensive guide
is a recognized issue but providing such is not within the scope of this thesis.
Capacitor films must exhibit several features to be suitable for the application,
out of which adequate breakdown strength in the operating temperature range is a
rather fundamental one [41]. As discussed in Section 3.1.1, the breakdown strength of
BOPP decreases with temperature, thus to prevent immediate failure it is necessary to
verify the breakdown strength at the maximum operating (or overload) temperature.
This equals to a range of 60 ◦C to 85 ◦C for many applications[9, 10] extending up
to 125 ◦C in some [162, 163] (e.g. automotive), plus the temperature rise caused by
self-heating. To keep self-heating at acceptable levels and to prevent thermal runaway
low DC conductivity and dielectric loss factor are required, both tend to increase
with temperature and field and should therefore be measured at the maximum
expected electro-thermal stress levels. These measurements may compliment each
other, e.g. an unexpectedly high reduction in the DC breakdown strength at high
temperature may be explained by abnormally high DC conductivity. Compared
to typical laboratory setups heat dissipation in real capacitors is more constricted
and the overall thermodynamics are different, thus a high breakdown strength in a
laboratory test does not guarantee adequate performance of capacitors. If heat is
be easily dissipated from the film to a thermally well-conductive surrounding media
(e.g. oil or metal), even a lossy (under AC) or conductive (under DC) material
might exhibit a decent breakdown strength. To verify this is not affecting the results
breakdown measurements should be paired with DC conductivity and dielectric loss
measurements.
The required absolute values depend on the target application, knowing it is
thus especially beneficial when valuing the individual qualities. Films intended for
DC applications where the design fields are typically high should have excellent
DC resistivity and breakdown strength. Films for AC applications should on the
other hand display low dielectric loss factor, especially if used with foil electrodes.
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Figure 3.17: Measurement program for laboratory-scale development of capacitor
films. Features needed for a film to excel in its application are defined first.
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With clean DC capacitors would not be required, thus even “DC capacitors” are
subjected to, and must perform well under AC voltage and current ripple. This
ripple causes self-heating and is one major design factor. The waveform and intensity
of the ripple depend on the application, examples can be found in e.g. [9]. Without
prior specification of the intended application, as might be the case in basic research
it is helpful to compare the film performance to existing and commercial BOPP
films of similar type. Smooth films should not be compared with hazy films since
the intended insulation systems are drastically different. The comparative approach
described here is of course applicable to any of the longer measurements described
later.
In addition to comparing the prototype films to commercial products, it is
advisable to produce reference materials of known good composition. For example
in a study of nanoadditives [P4], (among other things), PP with only the usual
additive package was also produced, and the experimental films were compared
against it. Unless comparison between different equipment is the research aim,
these references should be produced with similar equipment than the prototype
materials. By evaluating the performance of these references against “known good”
commercial references, film processing can be optimized until similar (or better)
film properties are achieved. The electrical performance of BOPP film is heavily
dependent on the film processing [3], and several iterations of optimization may be
required. Additionally, the cleanliness of the compounds can be studied and improved
if needed. If the film processing and cleanliness are not optimized before commencing
with actual test trials using “new technologies”, there is a substantial risk that any
improvements achieved are masked behind defects caused by improper processing. It
is worth emphasizing that case-specific fine-tuning of the film processing might be
needed to reach optimal performance. That is, because the processing parameters
optimal for “traditional BOPP” might not yield the best achievable performance in
films of experimental nature. One such case is reported in [P4]: the DC breakdown
strength of two experimental compounds was abnormally low, and this was traced to
excessive melting during orientation. These compounds had lower melting points,
and orienting them at a 4 ◦C lower temperature solved the problem.
When a development stage film demonstrates high breakdown strength at maxi-
mum expected overload temperatures and has low dielectric losses and DC conduc-
tivity at maximum operating temperature and field, it has “passed” the short-term
testing phase. Testing should then continue to the verification of voltage endurance.
Since endurance and ageing testing is time- and resource consuming compared
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to short-term characterization, it should be attempted only after the short-term
dielectric properties at operating conditions are at the required level.
Space charge measurement falls somewhere between short- and long-term mea-
surements. Their capability of predicting long-term reliability using a relatively short
measurement makes them extremely lucrative, albeit only for DC. Its two challenges
are the lack of equipment with a sub-micrometer resolution to visualize internal
charge in / 10 µm capacitor films, and that the measurement area is small, in the
range of one square centimeter. The lack of commercial high-resolution space charge
measurement equipment necessitates custom-built, highly experimental devices, and
the miniscule measurement areas may limit their usefulness in measuring localized
degradation that is prominent of BOPP films, as was presented in Section 3.3. There
is still work to be done both in the metrology and the analysis of the results, but
preliminary results in this thesis hint that space charge behavior in thin film may
correlate with space charge properties of thick cast films that are easily measured
using readily available equipment. However, this claim needs to be explored further
and this approach is of course unsuitable for evaluating ageing phenomena in capaci-
tor films. If suitable equipment for thin film measurement is available, it should be
employed early and often, and material development should be steered toward films
which display less space charge in operating conditions, as this may correlate with
better voltage endurance.
Voltage endurance testing is advocated to be done using the methodology
described in Section 3.2.1 and general principles stated in IEC 61251 [134]. It is
done to determine the electric field – insulation life relationship, which is required
since good breakdown strength may not correlate with good long-term properties
[1]. First hints of voltage endurance may already have been seen if progressive stress
breakdown strength tests had been done using multiple ramp rates but also in DC
conduction and space charge measurements. The DC conductivity of a material
can be determined only after the charging current is small compared to the leakage
current [111], and reaching this stable state may take hours with highly resistive
materials such as BOPP. This corresponds to DC excitation of at least several hours
under temperature and a film with poor voltage endurance may break down already
during this period. In progressive stress breakdown tests at multiple ramp rates, the
breakdown strength of a film with poor voltage endurance decreases relatively more
in slow rate-of-rise measurements. However, the possibility of oxidative degradation
in all measurement longer than a few minutes should be evaluated thoroughly. Even
in the absence of oxidation the long-term behavior may not be predictable from these
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these measurements, especially if done using electrode configuration significantly
different from the intended final application or above design fields, at high fields
where high field degradation may occur. Indeed, it was shown in Section 3.2.1 that
the life at realistic operating conditions was not extrapolatable from high-field data.
Going for lower fields necessitates longer measurement times, but this necessitates
inert measuring conditions to inhibit oxidative degradation. The importance of a
representative and PD-free electrode arrangement is also emphasized. The onset time
of oxidative degradation depends on the antioxidants [164, 165], and thus should be
determined individually for each material. Alternative and simple approach is to
conduct all tests longer than a few minutes in inert conditions. With reducing stress
levels one is expected to pass from a high-field region of hazard rate increasing with
time to a region where hazard rate decreases at first. This corresponds to the initial
clearing of electrical weak points. After the weak points are cleared, the hazard rate
should remain constant, and any breakdowns are isolated random failures. After
some time, the failure rate begins to increase again signifying the end of life. [P7].
The latter is the third part of the well-known bathtub curve of reliability. Thus
under moderate stresses it is expected that after the initial clearing of electrically
weak points nothing major happens for a long time, decades even. Recognizing the
onset of the end is necessary as after it breakdowns occur at increasing rate. Voltage
endurance testing should be done until the following quantities have been determined:
• the threshold stresses for Weibull hazard rate to begin decreasing with time,
reaching a constant value and remaining there long enough to be determined
• the time of constant failure rate as a function of stress, this is the insulation
life.
By measuring this insulation life as the function of electric field and temperature one
can eventually gather a large enough dataset to reliably evaluate the life at operating
conditions, and long before that comparison with existing commercial products is
feasible. Nevertheless, the determination of an adequate voltage endurance is a
demanding task requiring extensive up-scaling up to component and system level.
Voltage endurance testing yields statistical information but is time-consuming
and does not necessarily shed light in the ageing phenomena. Thus when the
voltage endurance is deemed “promising”, phenomenological electro-thermal ageing
testing of 1000 h or more should be initiated. This test must be done in inert
conditions to inhibit oxidation. In all possible aspects the ageing environment should
represent the application, if known, otherwise a general guideline is to age smooth
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and metallized film in an inert atmosphere, in a liquid that does not react with or
swell the metallized film or encapsulated in a suitable solid resin. Nitrogen, purified
and degassed vegetable oil and polyurethane are some valid options. Hazy film
should be aged in an impregnating liquid intended for film/foil capacitors (Jarylec
/ SAS-60E for example). These oils, but also general mineral and “transformer oil”
react with and swell the PP. Metallized BOPP film electrodes cannot be used as the
physical deformation causes the metal to flake off. Aluminum foil can be used and
has the benefit of being representative of the application but is not self-healing. If
self-healing functionality is desired, the foil can be substituted with a non-swelling
metallized film such as polyester.
The choice between ageing under DC, AC and arbitrary waveforms should be
based on the intended application. Films for DC capacitors should be aged either
under DC for a purely phenomenological approach that is relatively simple to analyze
or under DC with AC ripple for a more applied study of performance in an real
application. Similarly films for AC capacitors should be aged under pure AC or
AC with harmonics. If the R&D goal is a capacitor for a specific application with
extraordinary stresses, those shall be determined by simulation or measurement
and used in ageing. In this thesis only pure DC ageing was considered, but the
methodology presented in Section 3.3 is regarded suitable also for ageing under
DC with AC ripple. Whenever AC is involved, the PDIV should be determined
and any longer tests should be conducted below it for ageing phenomena to remain
representative of real application. However, the system is unsuitable for AC ageing
as it relies on the electrostatic compressive force in keeping the electrodes attached
to the film. AC ageing stress would require means to apply external force, such
as a mechanical press or a spring arrangement. In a planar geometry it might be
challenging to apply the pressure evenly. Directly metallized electrodes as was done
in [P3] is another plausible approach.
The effects of ageing can be analyzed and prominent ageing phenomena can
be identified by measuring changes in physical and electrical material properties
before and after ageing. This was done in [P4, P5]. Even better would be to remove
and characterize some material at specific intervals (e.g. every 200 h), by doing so
non-linear behavior and annealing effects can be detected. For example some property
may improve first due to secondary crystallization and then begin to decrease due to
progressive degradation. It was shown in this thesis that DC large-area breakdown
strength is a sensitive indicator of the DC electro-thermal ageing of BOPP and
also BOPP-based nanocomposite films. Ageing causes electrically weak points to
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appear and large measurement areas are needed to detect them. Thus testing of
aged samples should at minimum include large-area breakdown strength tests, but a
much wider set of characterization is preferred since the ageing phenomena and the
best methods may depend on the nature of the material studied. Another promising
approach might be to determine also the mechanical characteristics, as they may
enable fitting recently published physics-based ageing model by Montanari et. al.
[166, 167]. Fitting the ageing system with a times-to-breakdown recording device is
advocated as then it can double as the one long 1000 h endurance test recommended
by the relevant IEC standard 61251.
A film can be considered as a success if after ageing under realistic operating
stresses its electrical properties remain adequate and nothing indicates progressive
degradation more severe than the in similar commercial and/or reference films. At
this point production should be up-scaled and testing can continue with wound
capacitors. Final reliability evaluation is done using real capacitors and according to
the relevant standards.
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Chapter4
Conclusions and Contributions
4.1 Main Conclusions, Scientific Contributions,
and Future Work
The thesis objective of a test approach for dielectric measurements on laboratory-
scale capacitor films was attained by implementing the required key measurements
and advancing the current state of the art where needed. These were large-area
high temperature breakdown measurement, voltage endurance test, long-term ageing
test, and space charge and complex permittivity measurement. These methods and
example results of their usefulness were the topic of Chapter 3. The contributions of
this thesis to the breakdown strength metrology are the application of the large-area
multi-breakdown methodology from [2] to measurements at elevated temperature
and to AC voltages. It was shown that progressive stress tests with a duration of
tens of minutes can be done in air, and that when immersed in oil and free of partial
discharges, the DC and AC peak short-term breakdown strength of a commercial
BOPP film is the same. It was also demonstrated that with commercial capacitor-
grade BOPP films a decrease in the large-area breakdown strength of as little as
≈11% between room temperature and 100 ◦C is achievable. The relative decrease of
11–20 % is comparable to the reduction of small-area breakdown strength presented
in literature, e.g. [66], this builds confidence in the large-area multiple breakdown
measurement approach. Results suggesting that the relative decrease correlates with
long-term voltage endurance were presented, but further work is needed to confirm
this connection. The similarity of DC and AC breakdown strengths is a recognized
phenomenon [114], but given the high surface/volume ratio of thin films it would
be interesting to verify the effect of heat dissipation to surrounding oil. The high
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temperature, large-area multiple breakdown measurement is now used by the High
Voltage Engineering research group of TUT for its advantages of expediting routine
measurements and being closer to real operating conditions than room temperature
measurements. High temperature measurement capabilities also continue to attract
the industry working to answer the increasing demand for films suitable for high
temperature capacitors.
The thesis objective of developing a repeatable method to prepare capacitor
films for the measurement of dielectric permittivity was achieved by identifying the
metallization process as the key factor. Electron beam “E-beam” evaporation in high
vacuum was identified as the recommended method to fabricate metal electrodes,
and it was established that with an optimized metallization procedure no additional
sample treatments (prewashing, pre-drying, annealing, etc.) are needed to ensure
realistic complex permittivity results in the broad frequency range of 101Hz to 105Hz.
Capacitor films are thin (≈10 µm) and have very low dielectric losses, the research
challenge was that various methods suitable for thick (millimeter-scale) samples
were unsatisfactory as the samples prepared accordingly yielded incorrect results in
permittivity measurements. E-beam evaporation is featured in literature, e.g. in
[16], but arguably less often than sputter deposition, e.g. [113] which was deemed
unsuitable for low loss thin films. The redundancy of post-metallization annealing
conflicts with literature [16], but this is interpreted as a result from the use of different
equipment and process parameters. In order to avoid damaging samples the degree
of freedom in the process the samples appears to be quite narrow, as our experiments
with a different E-beam evaporator yielded slightly, but noticeably higher losses.
Nevertheless, knowledge of one reproducible and reliable method to fabricate
electrodes on capacitor films is a contribution to the field of fundamental dielectric
metrology and supports our research group (and others) by enabling the measurement
of dielectric permittivity and DC conductivity. Notable example of the potential
of dielectric permittivity measurements was the verification of negligible water
absorption in biaxially oriented hydrophobic silica – PP nanocomposite films. The
availability of a sample preparation method also led to the rapid implementation of
thermally stimulated depolarization current (TSDC) measurement system within the
research group. The results from these measurements are presented in [146] and in
[P8] along with a discussion about the relationship between the charge trap structure
and behavior under DC electric field. There is still work to be done in this field
to identify the remaining key factors responsible for increased dielectric losses in
samples with sputtered electrodes or evaporated using a different device.
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4.1. Main Conclusions, Scientific Contributions, and Future Work
A prominent part and contribution of this thesis was the development of a
large-area multi-breakdown constant stress measurement system and associated
data analysis tools. The major advantage of this approach over traditional single-
breakdown tests is that it greatly expedites the acquisition of a statistically significant
number of data points from a times-to-breakdown test that exhibits a high inherent
scatter compared with progressive stress breakdown tests. So far this system has been
used to prove that life at operating conditions is not extrapolatable from high-field
measurements done in air. While this is a valuable piece of information, the system
has the appreciably greater potential to determine the insulation life as a function of
stress and enable optimized design using new materials. The required measurements
at lower fields would require a vacuum oven necessary to attain inert test conditions
rapidly. Oxidation must be inhibited for the test conditions to be representative of
high performance, state of the art capacitors.
Work was also done to enable space charge measurements on biaxially oriented
thin (/ 20 µm) films and preliminary results from total charge measurements were
presented. The results suggest that nanostructuration inhibits space charge accu-
mulation and expedites charge dissipation both in polypropylene-based thin and
non-oriented thick cast films. Space charge phenomena in thin films are recognized as
one of the topics where significant research efforts are still needed before it can become
well-established. These efforts should be motivated by promises of a measurement
capable of predicting long-term properties using a fast measurement of a few hours
maximum.
Developing methods to conduct DC electro-thermal ageing tests on capacitor
films was one of the major objectives of this thesis. A suitable test setup was planned,
fabricated and used to conduct 1000 h ageing tests. This setup enables the ageing
phenomena of novel materials to be studied early in film development when only
laboratory-produced biaxially oriented films are available. At this point standardized
testing cannot be conducted due the unavailability of wound capacitors or capacitor
elements. Early ageing studies are advisable as the long-term properties should
determine the film performance in its application, and resources have been wasted if
unfit long-term properties are detected only after film R&D has advanced to industrial
pilot-scale production.
Identifying methods to measure the ageing of capacitor films was a major
objective of this thesis. Large-area DC multi-breakdown strength measurement was
identified as the preferred method because of its exceptional capability to detect
the formation of electrically weak points that was in turn determined to be the
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predominant result of ageing of both commercial and laboratory-scale BOPP films.
This conclusion was reached by conducting two 1000 h DC electro-thermal ageing
tests and by comparing the dielectric and physical properties of aged and pristine
materials. The only significant change in the physical properties was an increase in
the degree of crystallinity, that was interpreted as a thermally activated annealing
effect and not true “ageing”. Also the dielectric loss levels remained unchanged. This
bulk of evidence supports the literature concept of localized degradation [25]: the
majority of bulk material remains unaffected while aging progresses in a limited
volume. Thus the physical measurements that measure the average of large volumes
are inherently insensitive to detect the early stages of degradation, and changes are
easily hidden under measurement inaccuracy. On the other hand electricity will find
the weakest individual degraded regions in a large-area measurement. Nevertheless,
an extensive material characterization is advocated in future ageing experiments
on novel materials since the ageing phenomena may vary with film processing and
composition.
4.2 Closing words
This thesis presents an approach for dielectric characterization, but to be suitable
for capacitor winding a much wider set of film properties is needed. No development
project should solely rely on dielectric measurements, no matter how broad. Indeed,
during the last few years the TUT high voltage engineering research group has
distinguished itself in physical characterization, with DSC measurements, profilometry
and SEM imaging being done on a regular basis. Exploring the totality of required
film properties was the objective of [P8], but only the dielectric measurements were
included in this thesis to keep it concise. An observant reader has noticed that
nothing was presented about the GRIDABLE materials, another decision to maintain
focus. The first promising results were recently published in [152].
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Abstract—The effects of thermal stress on the breakdown 
behavior of biaxially oriented polypropylene (BOPP)-silica 
nanocomposite thin film and commercial BOPP film was 
evaluated with a step stress experiment in the temperature range 
of 50…110 °C. Weak spots were measured in thermally aged un-
filled BOPP films but not in the PP-silica, which in turn 
displayed increasing scatter of the breakdown voltages and the 
scattering seemingly settled to a certain level. No weak spots were 
measured in un-filled BOPP films removed after highest 
temperatures. The behavior of un-filled films is speculated to 
result from either actual polymer aging in addition to the 
statistical nature of breakdown phenomena or from thermally-
activated processes possibly involving antioxidants. The different 
behavior in the nanocomposite was speculated to result from 
polymer-nanoparticle interactions possibly countering the effects 
of antioxidants and hindering weak spot formation. The results 
demonstrate the different behavior of polymer-nanocomposites 
and traditional BOPP films under thermal stress and highlight 
the importance of evaluating the aging behavior of new materials. 
Keywords—BOPP; silica; nanocomposite; breakdown; Weibull; 
aging; thermal stress 
I.  INTRODUCTION 
Aging of capacitor dielectrics is influenced by thermal and 
electric stresses. Aging alters their dielectric properties, one of 
the most essential factors being the dielectric breakdown 
strength. [1] Thermoelectric aging of biaxially oriented 
capacitor-grade polypropylene films has been researched by 
Umemura et al. in [2], in which thermoelectric stress resulted 
in the formation of scarce weak points in the low probability 
region. These points diverted from the trend set by the large 
majority of breakdowns and simultaneously the “intrinsic” 
breakdown strength was measured to increase, for which 
unspecified morphological changes were proposed as an 
explanation. Thermal stresses has been shown to result in 
structural reorganization and selective degradation in the 
amorphous phase of BOPP films in [3], but their 
correspondence with the dielectric breakdown behavior is left 
uncertain. 
Recently, dielectric polymer nanocomposites have been 
evaluated as means to develop next-generation capacitors with 
improved properties [4]. Short-term measurements on PP-silica 
nanocomposites demonstrate the possibility for advances such 
as increased dielectric breakdown strength and improved 
partial discharge resistance [5]. There is however a limited 
amount of information regarding their long-term properties, 
and given their properties are influenced by the polymer-
nanoparticle interface spanning throughout the insulating 
medium [6], their aging behavior may be exceedingly different 
from traditional polymer materials. 
In this paper a step stress experiment is described in which 
the effects of thermal aging on the characteristic breakdown 
behavior of un-filled BOPP films are compared with a 
polypropylene nanocomposite incorporating 4.5 wt-% of nano-
silica. A large-area multi-breakdown measurement detailed in 
[7], [8] was utilized as means to detect changes in the 
breakdown distribution. Large measurement areas would allow 
measuring a statistically significant amount of breakdowns 
even from the low-probability regions. 
 
II. EXPERIMENTAL 
A. Material details 
One SiO2-BOPP nanocomposite, its reference and one 
commercial BOPP film were evaluated in the experiment. The 
SiO2-BOPP was manufactured from unstabilized 
polypropylene HC318BF by compounding it with 4.5 wt-% of 
Aerosil R812 S hydrophobic fumed silica. Irganox 1010 (0.47 
%) and Irgafos 168 (0.35 wt-%) were used as process 
stabilizers.  The reference-BOPP film was the same with the 
exception of the added silica. Pilot-scale films were 
compounded at VTT Technical Research Centre of Finland and 
manufactured at Brückner pilot line in Denmark. The 
manufacturing and orientation processes and process 
parameters of the pilot-scale films has been reported in [9]. A 
capacitor-grade BOPP film made by Tervakoski Films Group 
was used as a commercial reference. 
B. Aging setup 
The aging was conducted in a test oven, in which 15 film 
sheets were fastened vertically using metal clips. The oven 
temperature was controlled with a Toho TTM-04SP PID 
controller operated in self-tuning mode, and after initial 978-1-4799-8903-4/15/$31.00 ©2015 IEEE 
  
stabilization temperature fluctuations less than 0.1 °C and a 
temperature gradient  in the range of +0…+3 °C from the set 
value were measured at 70 °C. In addition to natural 
convection a cross-flow fan was used to promote gas 
circulation, and to inhibit fluttering and film curling at higher 
temperatures metal clips were attached to the lower edges of 
the film. To limit the oxidative effects of ambient oxygen a 
constant flow estimated to be in the range of 10…100 ml/min 
of inert nitrogen was provided via a precision flow regulator 
into the otherwise gas tight ageing chamber. 
The aging cycle consisted of seven 144-hour steps in ten 
degree increments from 50 °C to 110 °C. After each step the 
oven was opened and a portion of the test films was removed 
for sample preparation. Opening the oven resulted in the loss of 
the inert atmosphere, but given the maximum exposure 
duration of 1…2 hours and the rapid cooling as the heaters 
were disabled for this duration this was regarded as 
insignificant when compared to the 1008-hour duration of the 
test cycle. After each closure the oven was flooded with N2 for 
5…10 minutes with the flooding volume estimated to be in the 
range of 200…300 liters. 
C. Sample preparation and large-area multi-breakdown 
measurement 
Six 110 110×  mm film samples of each film were prepared 
from portions removed after each temperature step. Both the 
reference-BOPP and SiO2-BOPP films had thickness profile in 
transverse direction and their thicknesses were measured from 
25 points inside a 100 100× mm square using a LE-1000-1 
precision thickness gauge (accuracy of 0.1 µm). The measured 
thicknesses and standard deviations are presented in Table I.  
Additionally these pilot-scale films displayed a few 
presumably manufacturing-originated physical defects such as 
dents and scratches and the film samples were prepared from 
seemingly unaffected regions. Despite this the further visual 
examination revealed scratches in one ref-BOPP, one cap-
BOPP and in two of the SiO2-BOPP films removed after 50 °C 
and in one SiO2-BOPP film removed after 60 °C. These films 
were used in the measurement, but as the first breakdowns 
occurred near or at the damaged areas the breakdowns were 
considered non-independent and the measurement data was 
excluded from further analysis. 
 A large-area multi-breakdown measurement described in 
[7], [8] was utilized to measure the breakdown behavior. A 
film stack was constructed starting with the film sample. The 
electrode arrangement consisted of two 90 mm wide metallized 
BOPP films (main metallization body resistivity 5-12 Ω/□), 
metallized side towards the sample, placed on each side of the 
film specimen. With a margin of 10 mm an active area of 81 
cm2 was realized. The outer layers of the stack consisted of two 
polyester films providing mechanical support. The film stack 
was attached to a test fixture and submerged in dielectric oil 
(Shell Diala Oil DX) in order to reduce partial discharges and 
surface flashovers. Loosely according to IEC-60243-1 slow 
rate-of-rise test [10] the measurement consisted of a fast 
voltage ramp-up at 400 V/s up to 4 kV followed by a slow 
ramp-up at 30 V/s. Breakdowns were measured during the slow 
ramp which was continued until no more discharges were 
measured or when the capture buffer limit of 500 breakdown 
events was reached. Applied voltage and circuit current were 
monitored real-time using a Tektronix P6015 high voltage 
probe and a 1.0330 Ω low inductance resistor. Discharge 
current and voltage waveforms were captured by a LeCroy 
HRO 66Zi oscilloscope set to trigger at the positive edge of the 
discharge current pulse. 
In addition to independent self-healing breakdowns the 
recorded data included non-breakdown discharges such as 
surface flashovers and non-independent breakdown activity 
such as rapid self-healings and breakdowns influenced by 
previously cleared areas. Therefore a two-criterion breakdown 
qualification procedure detailed in [8] was carried out. Also to 
uniform the results any discharges beyond the initial 50 were 
omitted from further analysis. 
Breakdown fields were calculated using the average 
thickness of the sample, for pilot-scale films the average of the 
25 measurement points was used while for capacitor-grade 
BOPP the 14.4 µm thickness given by the manufacturer was 
used. The use of averaged thickness has been shown to result in 
small errors [8], but for the purpose of this research they were 
considered negligible. Additional 25-point thickness 
measurements were carried out on individual cap-BOPP film 
samples removed after 80 °C and beyond to evaluate possible 
shrinkage, but the average thicknesses were within the standard 
deviation of reference thickness measurements conducted on 
30 unaged film samples. 
D. Analysis of the large-area multiple breakdown data 
Weibull statistical analysis was applied to the selected 
breakdown data which was fitted with two-parameter Weibull 
distributions to reach a visually and mathematically adequate 
fit. Loosely following IEC 62539 single distributions were 
preferred [11] but in case noticeable deviation from the 
calculated probability line was observed additively mixed two-
subpopulation Weibull distributions were applied instead [12]. 
Given the nature of the multiple breakdown measurement 
unequal number of breakdowns was recorded for each step and 
material. The distribution parameters were calculated either 
with maximum likelihood estimation (MLE) or non-linear rank 
regression (NLRR) methods using Weibull++ 9 software. 
III. RESULTS AND DISCUSSION 
The amount of selected breakdowns and distribution 
parameters are presented in Table II. Distributions and data 
points from samples removed after 50 °C, 80° C and 110 °C 
together with the unaged reference are plotted in Fig. 1. 
 
TABLE I. FILM THICKNESSES AND STANDARD DEVIATIONS 
Code REF 50 °C 60 °C 70 °C 
 Mean SD Mean SD Mean SD Mean SD 
Cap-BOPP 14.46 0.57       
Ref-BOPP 16.24 1.68 16.27 2.16 15.59 1.86 15.03 0.94 
SiO2-BOPP 15.30 1.01 15.82 1.52 16.08 1.04 15.05 0.93 
 80 °C 90 °C 100 °C 110 °C 
 Mean SD Mean SD Mean SD Mean SD 
Ref-BOPP 15.36 1.48 16.02 1.99 15.89 2.07 15.40 1.69 
SiO2-BOPP 15.32 1.21 15.44 1.15 15.78 1.08 15.69 0.89 
 
  
Considering the development of the measured dielectric 
breakdown behavior as a function of temperature and 
accumulated stress three distinct changes can identified: 
• Low field breakdowns or “weak spots” were measured 
in cap-BOPP film after 70 °C and in reference BOPP 
after 50 °C. 
• No low field breakdowns were measured after 
temperature step of 110 °C (cap-BOPP) or 80 °C (ref-
BOPP). 
• Increasing scatter and the absence of a distinct “weak 
spot” population in aged SiO2-BOPP film samples. 
The reference-BOPP film was seen to exhibit machine 
direction stripes presumably related to manufacturing-
originating issues, which were considered as a possible cause 
for some of the weak spots. However following their 
appearance weak spots were always measured in more than one 
of the six film samples. Together with the similar weak spot 
formation in capacitor-grade BOPP film this reinforces the 
presumption of them being influenced by the accumulating 
thermal stress. The scarcity of the weak points suggests 
towards selective degradation, but the nature and mechanisms 
of degradation remains unknown. The degradation was 
regarded as permanent since the samples were measured at 
room temperature after several hours from their removal, 
having had time to settle.  
In related literature thermoelectric aging of BOPP films has 
been reported to result in defect formation with simultaneously 
increasing Weibull-α [2] and in a decrease of breakdown 
voltages in the < 10 % probability region [13]. Given that 
similar weak spot formation was measured in film subjected to 
thermal stress alone it is suggested thermal stress alone resulted 
in polymer aging, which manifested as defect formation. 
In the un-filled BOPP samples removed after the highest 
temperatures an increase of the 63.2 % dielectric breakdown 
strength compared to the unaged reference was noted in 
addition to the absence of distinct weak spot subpopulation. In 
related literature both Arrhenius [14] and multiple-process 
models [15] have been used to model polymer aging, but 
neither of the aforementioned models predicts this kind of 
increase. An alternative explanation for the observed behavior 
TABLE II. WEIBULL PARAMETERS 
Cap-BOPP reference 50 °C 60 °C 70 °C 80 °C 90 °C 100 °C 110 °C 
Number of points 49 67 65 73 85 75 65 43 
Weibull β1 11.22 17.44 21.30 5.78 5.06 5.55 2.72 12.76 
Weibull α1 567 624 635 581 543 584 680 709 
Weibull β2    46.28 21.92 34.84 15.81  
Weibull α2    672 677 684 688  
Ref-BOPP reference 50 °C 60 °C 70 °C 80 °C 90 °C 100 °C 110 °C 
Number of points 96 75 118 55 89 55 50 45 
Weibull β1 17.93 5.97 5.56 3.28 3.94 12.33 8.53 11.36 
Weibull α1 673 599 547 633 385 721 692 707 
Weibull β2   21.84 15.08 8.77    
Weibull α2   631 687 629    
SiO2-BOPP reference 50 °C 60 °C 70 °C 80 °C 90 °C 100 °C 110 °C 
Number of points 91 41 65 61 56 55 64 48 
Weibull β1 17.82 10.63 15.81 5.88 7.31 8.45 8.54 8.39 
Weibull α1 584 586 568 575 575 609 580 607 
 
 
Fig. 1. Large-area multiple breakdown measurement results of a) Capacitor-grade BOPP film, b) Reference pilot-scale BOPP film, c) Pilot-scale  silica-PP 
nanocomposite film on Weibull probability scale. 
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would be thermally activated processes, which while 
progressing would result in localized “weak spots”, but after 
completion the measured response would be at higher fields 
that of the unaged film. In case such processes existed they 
should be regarded as heat treatment rather than thermal aging. 
Antioxidant conversion by thermally activated or accelerated 
reactions is seen as one possible explanation for the changes in 
un-filled BOPP films, largely based on studies by Ho et al. [16] 
in which UV-facilitated conversion of Irganox 1010 in 
capacitor-grade BOPP film has been proposed to result in 
increased dielectric breakdown strength. However the 
statistical nature of the breakdown phenomena is seen as an 
alternative explanation for the disappearance of the weak spots. 
Thermal stress resulted in increasing scatter (decreasing 
Weibull-β) of breakdown voltages in SiO2-BOPP film. Scatter 
increased until after 70 °C a slight decrease was noted. The 
changes diminished with increasing temperature and after 90°C 
the breakdown distributions displayed similarly increased 
scatter together with a slight increase of the 63.2 % breakdown 
strength when compared to the unaged reference. The 
breakdown voltages followed a single Weibull distribution and 
no weak spot subpopulation was measured. Scatter in the low 
probability region was attributed to the use of average 
thickness in breakdown field determination and to the 
statistical nature of breakdown phenomena. 
The absence of weak spots in SiO2-BOPP suggest towards 
changes occurring throughout the material. The diminishing 
variations or “stabilization” towards higher temperatures may 
be attributed to thermally activated processes which alter the 
material permanently but whose effects diminish with time. In 
this case the processes should be regarded as heat treatment 
rather than thermal aging. If the antioxidant depletion-approach 
is considered, it is regarded possible that either the measured 
changes are combined effects of antioxidant conversion and 
another silica-influenced processes, or that the different nano-
scale structure in nanocomposites alters the progression of 
antioxidant conversion reactions.  
It has been suggested by Nawaz et al. in [17] that in 
aluminum oxide – poly(ethylene-co-butyl acrylate) 
nanocomposite the nanoparticle surfaces adsorb and then 
slowly release Irganox 1010 antioxidant. Similar behavior is 
seen as one possible explanation for the changes in SiO2-BOPP 
film, but thorough material characterization would be needed 
to identify the exact changes.  For material evaluation the 
knowledge on such processes would be valuable as changes 
were measured immediately after 50°C, well within the typical 
operating temperature range for capacitor dielectrics. 
IV. CONCLUSIONS 
Distinct defect population was measured in un-filled PP 
materials after being subjected to 50…70 °C, whereas in silica-
PP nanocomposites thermal stress resulted in increasing scatter 
of the measured breakdown voltages. No defect population was 
measured in un-filled PP samples removed after 100 °C and 
110 °C, and the 63.2 % breakdown strength of said samples 
was in slightly higher than that of the unaged reference. 
Alternative explanations were given to the weak point 
population and its disappearance: localized degradation and the 
statistical nature of breakdown phenomena and thermally 
activated processes involving additives. For the polymer-silica-
nanocomposite the increasing scatter was speculated to result 
from thermally activated changes in the polymer-nanoparticle 
interface, but additional research is needed to clarify the issue. 
The results demonstrate the different thermal aging behavior of 
un-filled PP and silica-PP nanocomposite and exemplify the 
importance of large sample areas to measure statistically 
significant amount of breakdowns from the possible defect 
populations. 
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Abstract 
 
The effect of temperature on the breakdown perfor-
mance of metallized capacitor-grade BOPP film was 
characterized using a large-area multi-breakdown meas-
urement method. The measurements conducted in the 
temperature range from room temperature to 100 °C 
revealed a linearly decreasing trend in the characteristic 
63.2 % breakdown probability after 60 °C and the pres-
ence of a smaller weak spot subpopulation. The weak 
spots remained relatively unaffected by temperature, 
and first breakdowns occurred in a seemingly statistical 
manner. The brief exposure to elevated temperature was 
considered as one explanation behind the variations in 
the number of weak points, but fluctuations in film 
quality and Weibull dynamics were seen are more prob-
able explanations. The results demonstrate the possibil-
ity of multiple breakdown mechanisms and their differ-
ent temperature-dependency, and demonstrate the high 
short-term breakdown strength of BOPP film even at 
high temperatures. 
 
 
1. Introduction 
 
Recently there has been a growing demand for capacitor 
dielectrics for high-temperature applications. Biaxially 
oriented polypropylene (BOPP) has been used in high 
power density capacitors, with metallized electrodes 
providing self-healing capabilities and graceful aging 
behavior [1]. When compared to traditional tempera-
ture-resistant plastics such as polytetrafluoroethylene 
(PTFE), poly(phenylene sulfide) (PPS) or polyimides 
polypropylene offers high dielectric breakdown 
strength, good self-healing capabilities and polypropyl-
ene films can be manufactured to thicknesses in the 
range of few µm, facilitating its use in low and medium-
voltage applications [2]. Polypropylene melts in the 
region of 165–170 °C, but its operating temperature has 
been limited to 85 °C, or with voltage deration to about 
105 °C. [2]  
The maximum operating temperature of polymer di-
electrics is largely determined by the increasing losses 
and decreasing dielectric breakdown strength at higher 
temperatures. In [3] and [4] the effect of temperature on 
the breakdown strength of polymer materials has been 
divided in low and high temperature regions. In the low 
temperature region the dielectric breakdown strength is 
relatively independent of the temperature, whereas in 
the high temperature region the breakdown strength 
decreases with temperature. For polar polymers a “criti-
cal temperature” may exist, above which the breakdown 
strength falls rapidly. In [3] a decreasing electric 
strength with increasing temperature has been reported 
for isotactic polypropylene. Owing to its nonpolar na-
ture there is no critical temperature. Contradicting views 
are presented in [5] in which it is presented that the 
dielectric breakdown strength of polymers is unaffected 
by temperature.  
Capacitor-grade films differ from traditional poly-
mer materials, especially in terms of the biaxial orienta-
tion and the purity of the base polymer. In this paper the 
effect of temperature on the breakdown behavior of 
commercial capacitor-grade Zn/Al –metallized PP film 
is evaluated from room temperature to 100 °C. A large-
area multi-breakdown measurement method detailed in 
[6], [7] was utilized. By taking advantage of the self-
healing capabilities of metallized PP film total sample 
areas up to 350 cm2 were measured at each temperature 
step. Large measurement areas allow measuring statisti-
cally significant amount of breakdowns even from the 
lower-probability regions. 
 
2. Experimental 
 
2.1 Material and sample details 
 
A commercial zinc/aluminum alloy metallized capaci-
tor-grade BOPP film manufactured by Tervakoski Films 
Group was used in the experiment. The film had a man-
ufacturer-reported thickness of 6 µm and the one-sided 
metallization had a main body surface resistance of 5–
12 Ω/□ and a reinforced edge with a surface resistance 
of 2–4 Ω/□. The 72.5 mm wide film had a free margin 
2.5 mm. Six 110 mm samples plus an additional six 
reference samples were prepared for each temperature, 
with the exception of the room temperature measure-
ment for which no reference samples were needed. 
 
2.2 Measurement setup 
 
Measurements at elevated temperature were conducted 
in atmospheric air by utilizing a test oven detailed in 
[8]. The oven temperature was controlled by a self-
tuning PID controller and a cross-flow fan was utilized 
to promote air circulation. The test fixture was placed in 
the oven and its temperature was let to stabilize for 10–
15 minutes. Both the air and fixture temperatures were 
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monitored during this stabilization period, with the 
fixture temperature monitored by a K-type thermocou-
ple placed between the bench edge and the top plate. 
The oven was opened to remove the thermocouple be-
fore the multi-breakdown measurements. Between the 
removal of the thermocouple and the actual measure-
ment the system was let to stabilize for approximately 
1–2 minutes. 
To determine the reversibility of the measured 
changes for each high temperature measurement one 
reference sample in a paper envelope was placed in the 
upper section of the oven. The reference sample was 
removed after the multi-breakdown measurement and 
measured after a few days, having had time to settle at 
room temperature. 
Six film samples were measured at room tempera-
ture and at temperatures of 60, 80 and 100 °C. Exces-
sive film curling resulted in the loss of one reference 
sample for each temperature; therefore the reference 
measurements consisted of five samples each. 
 
2.3 Large-area multi-breakdown measurement 
 
A large area multi-breakdown measurement detailed in 
[6], [7] was applied to determine changes in the break-
down behavior. The self-healing test capacitors were 
manufactured by placing two 90 mm wide 12 µm Zn/Al 
metallized BOPP films (main body metallization resis-
tivity 5–12 Ω/□) on both sides of the test sample. The 
one-sided metallization of the test sample functioned as 
the lower electrode and the 12 µm film was used to 
make electrical contact between it and the test fixture.  
The upper 12 µm film functioned as the other electrode. 
This arrangement resulted in an active area of approxi-
mately 58 cm2, with six samples equaling to a total 
measured area of approximately 350 cm2. To provide 
mechanical support two 100 µm thick polyester films 
were placed on both sides of the film stack. The film 
stack was attached to a test fixture consisting of a Bake-
lite baseboard and two glass plates. The 12 µm metal-
lized films were clamped between two aluminum plates 
on opposing edges of the fixture, to which the electrical 
connections were made. The test capacitor arrangement 
is illustrated in Figure 1. 
Loosely according to IEC-60243-1 slow rate-of-rise 
test [9] the measurement consisted of a fast voltage 
ramp up at 400 V/s  to 1800 V, corresponding to a field 
of 300 V/µm, followed by a slow ramp at 30 V/s. 
Breakdowns were measured during the slow ramp 
which was continued until no more discharges were 
detected.  
Based on an equation presented in [10] the 2.5 mm 
free margin was presumed to exhibit flashovers above 
4–5 kV. The inception voltage for repeating flashovers 
was determined using an otherwise similar 9 µm metal-
lized film, in which rapid flashovers were measured at 
DC voltages above 5.5–6 kV. For the 6 µm film flasho-
vers across the free margin were not seen as a limiting 
issue since the test voltage rarely exceeded 5 kV. 
The measurement used a Spellman SL1200 DC high 
voltage supply, controlled and monitored using a resis-
tive Spellman 1:10 000 voltage divider, National In-
struments PCI-6221 DAQ card and a LabVIEW-based 
program. Test capacitor voltage and circuit current were 
monitored real-time using one AC and one DC coupled 
Tektronix P6015 high voltage probe and a 1.0330 Ω 
impulse current measurement resistor. Discharge current 
and voltage waveforms were captured by a LeCroy 
HRO 66Zi oscilloscope set to trigger at the falling edge 
of the AC coupled voltage channel. Compared to the 
current triggering method in  [6], [7] the voltage drop –
based trigger enabled detection of discharges with sub-
stantially lower energies. An USB-camera was used to 
provide a video feed from above the test fixture which 
was monitored to verify the absence of repeating flash-
overs at the sample edges. 
A two-criterion breakdown selection procedure de-
tailed in [6] was used to exclude non-independent 
breakdowns and non-breakdown discharges from the 
measurement data. These included phenomena such as 
multiple sequential self-healings occurring rapidly in 
one spot, breakdowns at previously cleared areas, sur-
face flashovers and other non-breakdown discharges. To 
uniform the results and due to the increased probability 
of surface flashovers at the free margin near the end of 
the measurements for each sample any discharges be-
yond the initial 50 were omitted from further analysis. 
 
2.4 Statistical analysis 
 
Weibull statistical analysis was used to fit the break-
down data with suitable distributions to reach a visually 
and mathematically adequate fit. In every measurement 
deviation from a single 2-parameter Weibull distribution 
was evident and additively mixed two-subpopulations 
were used [6], [7], [11]: 
 
Figure 1 - Test capacitor 
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24th Nordic Insulation Symposium on Materials, Components and Diagnostics 76
Technical University of Denmark, Copenhagen, Denmark 15. -17. June, 2015
 ( )
1
2
1
1
2
2
1 exp ...
... 1 exp
N xF x
N
N x
N
β
β
α
α
     = − − +  
     
     − −  
     
 (1) 
In (1) F(x) is the 2-parameter two-subpopulation 
Weibull distribution, N1/N and N2/N are the relative 
portions of and β and α are the Weibull scale and shape 
parameters of the two subpopulations. The scale param-
eter α represents the 1-e-1 ≈ 63.2 % breakdown probabil-
ity and the shape parameter β depicts the homogeneity 
of the data points, being analogous to the inverse of the 
standard deviation of Gaussian distributions. The first 
subpopulation primarily accounts for the low field 
breakdowns whereas the second one represents the 
intrinsic behavior, which in this paper refers to the re-
gion of recurring breakdowns. The distribution parame-
ters were estimated with maximum likelihood estima-
tion (MLE) or non-linear rank regression (NLRR) 
methods. One-sided 90 % confidence bounds were cal-
culated using Fisher Matrix (FM) –based method. Cal-
culations were done using Weibull++ 9 software. 
Given the nature of the multi-breakdown measure-
ment unequal number of breakdowns was recorded in 
every measurement. Despite this the amount of selected 
breakdowns was around 90 for each temperature step, 
and more importantly the trend in the amount of select-
ed points does not correlate with the changes observed 
in the breakdown behavior. Therefore the error caused 
by the variation between the numbers of points was seen 
insignificant at least in the > 10% probability region. 
The increasing uncertainty in the low probability region 
is evident from the broadening confidence bounds. 
 
3. Results and discussion 
 
The distribution parameters and the number of selected 
breakdowns are presented in Table 1. Data points and 
Weibull distributions from measurements at elevated 
temperature are presented in Figure 2a together with 
percentiles corresponding to 5 %, 30 % and 63.2 % 
breakdown probabilities. Both are presented with one-
sided 90 % confidence bounds. Data points and distribu-
tions from corresponding reference measurements at 
room temperature are presented in Figure 2b. Looking 
at the results it can be summarized that: 
• the characteristic 63.2 % breakdown strength 
Table 1 – Weibull parameters 
 RT 60 °C 80 °C 100 °C REF-60 °C REF-80 °C REF-100 °C 
Number of points 90 119 93 88 79 104 97 
Weibull β1 2.51 3.67 5.86 5.71 4.04 4.69 7.14 
Weibull α1 (V/µm) 507 468 527 506 516 570 601 
N1/N 0.08 0.12 0.19 0.24 0.25 0.29 0.41 
Weibull β2 23.72 16.69 19.76 20.48 24.94 27.88 23.80 
Weibull α2 (V/µm)  686 665 644 610 686 694 698 
N1/N 0.92 0.88 0.81 0.76 0.75 0.71 0.59 
 
 
Figure 2 – a) Breakdown behavior at room temperature, 60, 80 and 100 °C together with calculated 5 %, 30 % and 63.2 % percen-
tiles b) Reference measurements at room temperature 
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decreased from 684 V/µm at room temperature 
to 602 V/µm at 100 °C 
• the decrease can be considered as reversible, 
since the reference samples displayed similar 
behavior at room temperature 
• two subpopulations were distinguishable in all 
measurements 
• the effect of temperature was most significant 
in the second Weibull subpopulation 
• the weak spot subpopulation was not heavily 
influenced by the elevated temperature 
In [7] similar multi-breakdown measurement was 
used to characterize areas up to 1950 cm2 of same brand 
of film from different roll at room temperatures. The 
distinct weak spot subpopulation and the intrinsic region 
reported here correspond to the first two portions of the 
S-shape [7], and the absence of the third subpopulation 
can be explained by the omission of any breakdowns 
beyond the initial 50. Additionally the Weibull parame-
ters of the first two subpopulations are fully in line with 
presented in Table 1. This supports the repeatability of 
the measurement method. 
The shape of the Weibull distribution remains rela-
tively unchanged with temperature. Moreover based on 
[6] it is presumed that the variations in Weibull β2 are at 
least partially due to the use of average thicknesses for 
breakdown field determination. 
Given the minor variations in the distribution shape 
the decreasing trends in the 30 % and 63.2 % percentiles 
and in the Weibull α2 are similar. Although a similar 
trend is also observed in the 5 % percentiles, the statisti-
cal uncertainty, as evident in the large error bars, limits 
the usability of the data. The visually discernible inverse 
linear trend in data after 60 °C–100 °C is in line with 
the results presented for isotactic polypropylene in [3], 
in which a similar decrease is reported approximately 
after 50–60 °C. The room temperature measurements 
are omitted and based on the data from 60–100 °C an 
inverse linear relationship between the Weibull α2 and 
the temperature T is formulated as: 
 2 kT bα = + ,  (2) 
where k and b are constants with values of -1.38 and 
749.9 V/µm respectively. The fit was calculated using 
MATLAB software and has a R-square value of 0.9843. 
Based on charts presented in [3] the relationship is pre-
sumed hold from 60°C up to 130 °C, but additional 
research is needed to confirm validity especially above 
100 °C. 
For practical applications however the presence of a 
distinct weak spot subpopulation is of more importance 
than the changes in the high field behavior. Given typi-
cal operating fields below 100 V/µm even for high en-
ergy density metallized film designs, the temperature of 
100 °C does not result in the operating field exceeding 
the intrinsic breakdown strength.  
The presence of two subpopulations may indicate 
the presence of two breakdown mechanisms [5], out of 
which the mechanism responsible for low field break-
downs is not heavily affected by temperature. Accurate 
determination of its temperature-dependency is made 
impossible by the scarcity of data points in the low 
probability region. However the nature of the two pro-
posed breakdown mechanisms cannot be determined 
using the available data. 
In addition to the large-area multi-breakdown results 
published for same brand of film in [7], in related litera-
ture similar two-subpopulation breakdown behavior has 
been reported as fingerprint-like in unaged PP film [12] 
and as a result from thermoelectric [13] and thermal 
aging [8] of PP film having previously displayed single 
population breakdown behavior. The aging cycles after 
which diverging weak spots were measured spanned 
from 20 hours of thermoelectric aging [13] to 144 hours 
of thermal aging [8]. Even though in this study the films 
were exposed to elevated temperature for a relatively 
short period of 10–20 minutes fewer low field break-
downs were measured in room temperature measure-
ment. It is therefore presented that  
• at least a portion of the low field breakdowns 
are a part of the characteristic “fingerprint” of 
the film 
• the exposure to elevated temperature may have 
caused material degradation leading to more 
low field breakdowns. 
In the reference films the relative portion of the first 
subpopulation increased from 0.25 after 60 °C to 0.41 
after 100 °C, but this increase was simultaneous with 
increasing Weibull α1, suggesting that the increase is 
related to Weibull dynamics rather than actual break-
down phenomena. Additionally the distributions in 
Figure 2b are in line with each other. Therefore it is 
considered more probable that the low field breakdowns 
were solely an intrinsic film property, and that the varia-
tions were a result from the statistical nature of break-
down phenomena and fluctuations in film quality rather 
than from rapid heat-induced degradation. If the low 
field breakdowns are regarded solely as an intrinsic 
material property is should be noted the first few break-
downs occurred in a seemingly statistical manner inde-
pendent of temperature. 
Given the lack of temperature dependency in the low 
probability region, based on [2] dielectric losses are 
established as the main limiting factor for use at higher 
temperatures, requiring voltage deration. In addition to 
intolerable power loss rapidly increasing losses may 
lead to thermal runaway-type breakdown phenomena. 
Nevertheless in the multi-breakdown measurement self-
healing phenomena worked successfully up to 100 °C, 
and no permanent insulation failures were observed. It 
is however worth noting that the measurement duration 
of few minutes is not long enough to rule out the possi-
bility of breakdown and degradation mechanisms acting 
in time scales from minutes to hours. If such mecha-
nisms exist they may also limit the usability of high 
temperatures. Therefore broad characterization of die-
lectric and aging properties is needed before any materi-
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als can be regarded sufficiently stable for long-term use 
at elevated temperatures. 
 
4. Conclusions 
 
Large-area multi-breakdown measurements using metal-
lized capacitor-grade BOPP film revealed the presence 
of temperature-independent weak spots, and two-
subpopulation Weibull distributions were applied to 
reach a visually and mathematically good fit. An inverse 
power law relationship between temperature and 
Weibull α2 was determined between 60–100 °C. Similar 
trend was also evident in 30 % and in the characteristic 
63.2 % breakdown strengths. 
Diminishing differences were measured in reference 
samples measured at room temperature after equivalent 
thermal stresses, based on which the changes in the 
intrinsic behavior were regarded as a reversible effect of 
temperature rather than heat-induced degradation. Com-
pared to the room temperature reference the relative 
portion of the weak spot subpopulation increased in all 
films subjected to elevated temperature. For this heat-
induced degradation and fluctuations in film quality 
were proposed as complementary explanations, out of 
which the latter was considered more probable. 
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Abstract—A large-area multiple breakdown measurement 
using self-healing gold sputtered electrodes was evaluated in 
determining the AC breakdown characteristics of insulating 
biaxially oriented polypropylene (BOPP) and BOPP-silica 
nanocomposite thin films. Results were compared with 
conventional small area measurements and it is shown that the 
large-area approach could be extended into AC measurements as 
long as good quality film-electrode interface in ensured. Special 
electrode arrangements are needed due to the absence of 
electrostatic force. AC small-area breakdown strength of pilot-
scale films was ramp rate dependent but no such effect was 
clearly noticed for a commercial product. Conventional DC 
small-area breakdown measurements were also conducted and 
the results were compared to previously published large-area 
multiple breakdown data. The consistent results support the 
dependency between ramp rate and DC breakdown strength in 
the studied BOPP-silica nanocomposite. 
Keywords— polymer films; dielectric measurement; Weibull 
distribution; electric breakdown; AC; DC 
I.  INTRODUCTION 
A self-healing multiple breakdown measurement 
methodology, originally utilized for studying e.g. thin MOS 
capacitors [1], has recently been developed and utilized for 
studying large-area breakdown characteristics of thin 
polymeric capacitor films in TUT/DEE [2]. As examples the 
effects temperature [3], interlayer pressure [4]  and thermal 
ageing [5] on DC breakdown strength and its ramp-rate 
dependency [6] have been studied together with several thin 
film processing related aspects [7]. Large measurement areas 
have enabled detecting weak points and slight changes with 
high statistical accuracy, which otherwise would have required 
an extensive amount of time-consuming conventional small-
area single-breakdown measurements. However, from a 
practical viewpoint both DC and AC breakdown characteristics 
are of utmost importance. Our earliest attempts to extend the 
large-area approach to AC breakdown measurements using 
various test capacitors with metallized film electrodes were 
problematic, as contrary to DC measurements no electrostatic 
compressive force was pushing oil and gas bubbles from 
between the film layers. In many cases excessive discharging 
was observed and breakdown voltages were anomalously low, 
which was associated with partial discharging in an air gap in 
the electrode-film interface. Some experimental structures 
using separate metallized electrodes gave convincing results, 
but they were rejected as it could not be verified that the results 
reflected the properties of the film, and not an oil-film-oil 
multilayer insulation or the measurement system itself. 
The purpose of this paper is to report on our recent efforts 
to use sputtered electrodes to enable AC large-area multi-
breakdown characterization of biaxially oriented polypropylene 
(BOPP) films. This approach was evaluated by comparing the 
large-area results with conventional breakdown measurements 
using both AC and DC voltages at different ramp rates. 
II. EXPERIMENTAL 
A. Material details 
One pilot-scale SiO2-BOPP nanocomposite ‘SiO2-BOPP’, 
its un-filled reference ‘Ref-BOPP’ and one commercial 
capacitor grade BOPP film ‘Cap-BOPP’ were used in the 
experiments. The films were similar as studied in [5]–[8]. The 
SiO2-BOPP was manufactured by compounding unstabilized 
polypropylene HC318BF with 4.5 wt-% of Aerosil R812 S 
hydrophobic fumed silica. To stabilize the material 0.47 wt-% 
of Irganox 1010 and 0.35 wt-% of Irgafos 168 (0.35 wt-%) 
were added. The pilot-scale materials were compounded at 
VTT Technical Research Center of Finland and bi-axially 
oriented films were produced in a Brückner pilot tenter line in 
Denmark. Detailed manufacturing parameters have been 
reported in [7]. The smooth pilot-scale films had a few 
presumably manufacturing-related deformations and samples 
were prepared from visually intact regions. A commercial hazy 
capacitor-grade BOPP film with a nominal thickness of 14.4 
µm from Tervakoski Films Group was used as a reference. 
Sample thicknesses were measured with LE-1000-1 precision 
thickness gauge (accuracy of 0.1 µm). Average values are 
presented in Table 1.  
B. AC and DC small-area single-breakdown measurements 
Twenty 30×30 mm film samples were prepared for each 
small-area single-breakdown test. Breakdown measurements 
were conducted using a test setup depicted in [9] which is 
roughly in accordance with IEC-60243 standard. The sample 
was fastened between two Ø = 11 mm graphite pads and then 
immersed in dielectric oil. The graphite pads were polished 
TABLE 1. MATERIAL THICKNESSES 
 
Average thickness (µm) SD 
Cap-BOPP 13.8 0.56 
Ref-BOPP 16.0 1.02 
SiO2-BOPP 14.6 0.52 
 
after each measurement and replaced every 40 measurements. 
AC breakdown measurements were conducted for all three 
films using one slow and one fast AC ramp. Average ramp 
rates were 450 V/s and 55.9 V/s. AC voltage was supplied by 
an Elgar SmartWave SW 5250A switching amplifier driving a 
3000 VA 220:50000 transformer. A 7.5 MΩ series resistor was 
used to limit damage to the electrodes. Circuit voltage and 
current were measured with Tektronix P6015 high voltage 
probe and a 1.0330 Ω low inductance resistor. Discharge 
current and voltage waveforms were recorded by a LeCroy 
HRO 66Zi oscilloscope. Test voltage was also measured with a 
North Star High Voltage PVM-1 1:2000 probe together with 
National Instruments PCI-6221 DAQ-card and a LabView-
based program. Both the voltage tens of nanoseconds before 
breakdown, later actual voltage, and the IEC-60241 [10] 
recommended peak voltage reached before breakdown were 
determined. 
DC small-area single-breakdown measurements were 
conducted for Ref-BOPP and SiO2-BOPP films at two ramp 
rates: 50 V/s and 400 V/s using Spellman SL 1200 high voltage 
DC source. Series resistance of 100 kΩ was used; otherwise the 
measurement methods were similar to the AC case. 
C.  Sample preparation and AC large-area multiple 
breakdown measurement 
In large-area multiple breakdown measurements a number 
of key features can be identified: 
 The electrodes must be self-healing to continue the 
measurement beyond the first breakdowns. 
 The circuit should have sufficient damping to prevent 
voltage spikes during discharges. 
 The cleared areas should be small compared to the total 
sample surface to measure multiple breakdowns from 
one sample. 
 The results must stem from the properties of the film 
tested, not from the test system or sample preparation 
used. 
Gold electrodes were sputtered on 65 × 40 film samples 
using Quorum SC7620 magnetron sputter coater. Easily 
removable tape was used as sputter masks and samples were 
cleaned with isopropanol afterwards. To prevent thermal 
damage sputtering was done in 30 seconds intervals with 30 
second pauses between at a throw distance of 45 mm, with the 
process current manually adjusted to 25 mA. Each sample was 
cleaned with a nitrogen spray gun before sputtering. Test 
capacitors depicted in Fig. 1a had an active area of 9 cm2. 
Samples were sputtered for 5 × 30 seconds resulting in roughly 
44 nm metallization thickness according to the manufacturer’s 
documentation. To realize electrical connections with the 
metallized electrodes stranded copper wires were attached to 
the side tabs using high purity silver paint (SPI-paint). The test 
capacitor was then immersed in dielectric oil (Shell Oil Diala) 
and a 50 Hz AC voltage ramp at 50 V/s was applied to it until 
discharge activity had ceased. Images of actual samples before 
and after measurement are presented in Fig. 1 b and c. 
The measurement circuit is depicted in Fig. 2.  Series 
resistor RS of 300 kΩ and a parallel capacitor CP of 1 nF was 
chosen based on circuit modeling to overdamp the circuit, thus 
resulting in no observable voltage overshoots in the LabView 
record. In Fig. 2 CDUT is the sample capacitance, RMEAS is the 
current measurement resistor and LT2 represents the inductance 
of the transformers secondary at 50 Hz. LeCroy HRO 66Zi 
oscilloscope recorded discharge current and voltage 
waveforms. The measurement system was similar as used in 
the small-area single breakdown measurements. 
Six samples of Cap-BOPP and two samples of Ref-BOPP 
and SiO2-BOPP were measured at room temperature. The 
electrodes self-healed and no permanent shorts occurred. The 
de-metallized areas were small compared to DC large-area 
measurements in a similar voltage range using separate sheets 
of metallized electrode film as presented in e.g. [5], [11]. The 
measurements ended as a rapid high-intensity discharge 
evaporated the metallization near the wire contacts isolating the 
remaining intact active areas, as seen in Fig. 1c. This may be a 
result from electric field surpassing the breakdown strength in a 
large portion of the film, causing numerous nearly 
simultaneous self-healings. The excessive power draw and high 
inrush current would have heated and vaporized the electrodes. 
D. Data qualification and statistical analysis 
A slightly modified version of the discharge energy and 
breakdown voltage -based data qualification process detailed in 
e.g. [2], [11] was used to validate each event recorded during 
the large-area measurements. Breakdown fields were 
determined based on average sample thicknesses. The qualified 
events from large-area measurements and the single breakdown 
measurement results were fitted with two-parameter Weibull-
distributions of the form [12]: 
( ) 1 exp
E
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 (1) 
In Eq. (1) F(E) is the 2-parameter Weibull distribution for 
breakdown field E, and α and β are the scale and shape 
 
Fig. 1. AC large-area multiple breakdown test capacitor with metallized gold 
electrodes. a) Basic structure, active area circled in red. Actual test capacitor 
before b)  and after c) measurement. 
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Fig. 2 AC large-area multiple breakdown measurement circuit. Same setup 
without parallel capacitance CP was used for small-area single breakdown 
measurement. 
parameters estimated using maximum likelihood estimation or 
rank regression techniques. One-sided 90 % confidence bounds 
were calculated using Fisher Matrix –based method. Statistical 
analysis was done using Weibull++ software.  
III. RESULTS AND DISCUSSION 
A. AC measurements 
The results from AC large-area multiple breakdown and 
conventional small-area single-breakdown measurements at 
two ramp rates are presented in Fig. 3 and Table 2. 
The AC large-area multiple breakdowns results of Cap-
BOPP (Fig. 3a) were in line with the small area AC 
measurements.  The slight decrease in the characteristic 
breakdown strength (α) was linked with area dependency [12], 
[13]. While thermal [5] or thermo-electrical [14] damage on 
BOPP films may result in the formation of weak points, the 
absence of low-field breakdowns suggest that the electrode 
sputtering did not deteriorate the breakdown strength of the 
film. As seen from Fig. 3a Cap-BOPP displayed extreme 
distribution homogeneity and its small-area AC breakdown 
strength was rather independent of the ramp rate. This seems to 
indicate that in the times from seconds to minutes its AC 
breakdown was a voltage-driven phenomenon. This is also 
supported by the breakdowns occurring near or at the voltage 
peaks as highlighted by the minimal difference between the 
actual and peak values. The slight differences between the 
ramp rates may result from the statistical nature of breakdown 
phenomena and more importantly from the small number of 
data points. [15] 
For Ref-BOPP and SiO2-BOPP (Fig. 3b–c) the 
characteristic AC breakdown strength (α) and the distribution 
homogeneity (β) decreased at slower AC ramps. Breakdowns 
tended to occur at the falling or rising edges of the voltage 
waveform, and their apparent breakdown strength increased if 
peak voltages were considered. This seems to indicate their 
breakdown phenomena may have an inception-like component, 
and that in this setting AC breakdown was both time- and 
voltage driven, in stark contrast to the Cap-BOPP film. [15] 
For Ref-BOPP and SiO2-BOPP films the AC large-area 
multiple breakdown measurements were more in line with the 
actual breakdown fields of the AC 50 V/s small-area curve. 
However as only two samples of each film were measured 
further analysis was not conducted. 
B. DC measurements 
The results from the conventional small-area DC 
measurements at two ramp rates are presented in Figure 4 and 
Table 2. For comparison additionally shown are: 
TABLE 2 WEIBULL PARAMETERS 
 
AC DC 
Slow 
(actual values) 
Fast 
(actual values) 
Large-area 
(slow) 
Slow Fast 
Large-areaa 
(slow rate-of-rise) 
Large-areaa 
(fast) 
Cap- 
BOPP 
Points 20 20 53 N/A 60a 793 N/A 
α 615 622 591 
 
689a 638 
 
β 17.8 30.4 18.2 
 
31.3a 10.6 
 
REF- 
BOPP 
Points 20 20 16 20 20 124  124  
α 590 724 537 751 752 701  756  
β 5.2 11.7 9.6 16.6 14.9 13.1  8.5  
SiO2- 
BOPP 
Points 20 20 25 20 20 121  86  
α 604 686 653 749 835 609  733  
β 6.8 14.8 18.9 19.8 19.5 18.1  9.2  
a. Single two-parameter Weibull distributions were calculated for previously published data from  [5], [7], [8], [11] 
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Fig. 3: Weibull plots of AC small area single-breakdown and AC large-area multiple breakdown measurement results for a) Capacitor-grade BOPP film b) 
Reference pilot-scale BOPP film and c) Pilot-scale silica-PP nanocomposite film. Shaded area represents one-sided 90 % confidence bounds. 
 large-area breakdown results for Cap-BOPP and SiO2-
BOPP previously published in [7]. Measurements were 
conducted using a fast 400 V/s ramp and a slow rate-of-
rise profile; data was fitted with two-parameter Weibull 
distributions. 
 previously published large-area [5], [8] and 
conventional small area [11] breakdown measurement 
results for Cap-BOPP, fitted with Weibull distributions 
The decrease of Weibull α for SiO2-BOPP at slower DC 
ramp rates is in agreement with large-area results presented in 
[6]. However in AC small area measurements the decrease in 
the characteristic breakdown strength in SiO2-BOPP with 
slower ramp was 6.7 percentage points lower than in ref-
BOPP. This indicates that the DC ramp-rate dependency may 
be caused by space charge effects and/or altered charge 
dynamics of polymer–silica interface [16], considering that 
such effects should not be as pronounced under AC voltage 
stresses [17]. The lack of DC ramp rate dependency in Ref-
BOPP also suggests that the AC ramp rate dependency of 
breakdown strength may have originated from time rather than 
purely voltage-dependent rapid high-field degradation. 
IV. CONCLUSIONS 
The preliminary results presented suggest that the large-
area multiple breakdown approach could be extended into AC 
measurements. A gas bubble and oil-free polymer-electrode 
interface has an important role, as it inhibits discharging and 
ensures the measurements do not stem from an oil-polymer-oil 
multilayer insulation. An AC ramp rate dependency of 
breakdown strength was noticed in Ref-BOPP and SiO2-BOPP 
films, and breakdowns tended to occur at the rising or falling 
edges of the AC waveform. Based on [15] this was suspected 
to indicate that in this setting their AC breakdown phenomena 
were both time and field-driven. No such effect was clearly 
noticed for Cap-BOPP, as in this time interval its AC 
breakdown was seen almost exclusively voltage-driven. The 
conventional DC measurements seem to support the DC ramp-
rate dependency of breakdown voltages in silica-BOPP 
nanocomposites [6] and the contrast with AC measurement 
may indicate it originates from space charge effects. 
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ABSTRACT
A large-area electro-thermal ageing test setup was developed and utilized to age
several laboratory-scale biaxially oriented polypropylene (BOPP)–hydrophobic
silica nanocomposite films. The films were aged in test capacitors with self-healing
metallized film electrodes, which enabled the ageing test to continue beyond the first
breakdowns. Eight different films were aged for 1000 hours under 100 V/µm DC
stress at 75 °C, and large-area DC breakdown measurements, dielectric
spectroscopy, gel permeation chromatography (GPC), differential scanning
calorimetry (DSC) and dielectric spectroscopy were used to detect localized and bulk
degradation after the ageing period. The effects of antioxidant contents, different PP
grades and compounder screw speed were evaluated. Material characterization
indicates no bulk degradation had occurred during ageing, which was associated with
moderate temperature stress and inert nitrogen atmosphere. On the other hand, low-
field breakdowns (weak points) were observed in all but two of the aged materials,
indicating that ageing was dominated by localized degradation which may have
introduced new breakdown mechanisms. Weak points were also measured in a
similarly aged commercial capacitor-grade BOPP film aged at a lower field,
supporting this conclusion. The importance of long-term characterization in material
development is demonstrated, and it is shown that long-term properties of the
evaluated nanocomposites were at least on the same level compared to neat BOPP
films.
   Index Terms — Aging, films, polymers, electric breakdown, nanocomposites,
dielectric measurement, dielectric spectroscopy, thermal analysis, molecular weight.
1 INTRODUCTION
AGEING of electrical insulation, as presented by
Fothergill in [1] is a continuous process taking place
throughout insulation during its service life. Ageing may lead
to degradation, which in turn can lead to electric breakdown
during service life, and so the three are mutually linked. In
addition to changes in breakdown behavior [2], [3] ageing of
polymeric capacitor insulation systems has been associated
with chemical and physical changes, examples of which
include oxidation and changing morphological properties,
elongation [4, 5], molecular-weight distribution and
crystallinity [6, 7]. Another important factor is space charge
accumulation, which can be seen both as a result and a cause
of ageing [8]. For power capacitors individual breakdowns of
the film dielectrics are not always fatal, as the insulations can
be made defect-tolerant by the use of self-healing metallized
electrodes [9], [10]. However the causal link between ageing
and  breakdown  makes  it  possible  to  use  changes  in
breakdown behavior as an indicator of ageing progression. In
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[11] it has been reported that in general the breakdown
strength of insulation remains rather unchanged, only to
decrease drastically in the final moments before breakdown.
More specifically for capacitor dielectric films increasing or
decreasing overall breakdown strengths and weak point
formation have been reported in [5]. While the breakdown
strength of insulation tends to follow the Weibull distribution
[12], weak point formation justifying the use of multiple
Weibull subpopulations indicates ageing may introduce new
breakdown mechanisms [13].
Appearance of low-probability low-field breakdowns or
‘weak points’ in AC electrothermally aged polypropylene
(PP) film capacitor elements has been demonsrated in the
recent work of Guillermin et al [14]. In their work this was
associated with partial discharging (PD) at the film edges
above an electric field  threshold due to field enhancement
effects. In general accelerated ageing experiments should be
conducted using stress levels which do not introduce new
ageing mechanisms, such as PD, which has been reported to
be the fastest ageing mechanism of polymeric insulation [15,
16]. Appearance of weak points in PP film combined with an
increase in its characteristic breakdown strength has been
reported by Umemura et al [5] for films aged in PP/kraft
paper (KP)/PP multilayer model capacitors for 370 days at
1.4× nominal voltage and 90 °C, in which the weak points
were associated with a non–specified morphological change.
On the other hand Sebillotte et al [2] report no significant
changes in the breakdown behavior of PP sheets AC aged in
pure impregnating liquids for 1800 hours at 80 °C. Presence
of oxygen and/or additives however decreased the breakdown
strength depending on the the liquid used. The effect of
impregnation on the ageing beeohavior of PP films is hardly
suprising, since physical interactions such as swelling and
dissolution between impregnating liquid and PP have been
reported in literature [4, 9, 17]. For low and medium voltage
capacitors thin metallized electrodes are often used [10]. This
provides defect-tolerancy via electrode self-healing, but
degradation, principally corrosion of this thin metallization
has been reported [10, 18, 19] as one of the dominant ageing
phenomena in such capacitors. Because of different ageing
phenomena in different types of capacitors, and also due to
the effects of capacitor manufacturing, the ageing of film
insulation systems cannot be determined solely by the film
property, necessitating endurance testing of finalized
capacitor products, as outlined in IEC 60871-2 [20].
At present at least two unknows have been introduced in
the field of ageing in polymeric capacitor insulations: new
insulating materials [21], such as polymer nanocomposites
(PNCs) [22] and nonsinusoidal waveforms, such as DC and
repeating voltage transients [16]. Research on polymer
nanocomposite systems [23, 24] have shown different ageing
behavior compared to neat materials and the (nano)particle
interfaces may introduce new degradation mechanisms [25,
26]. Ongoing research [27] at TUT has also revealed
differences in the DC voltage endurance coefficient of BOPP-
hydrophobic silica nanocomposites compared to neat
materials. PNCs have also shown improved electrical
properties, viz. enhanced partial discharge resistance [28, 29].
Improved partial discharge resistance is especially beneficial
as electrical insulations, capacitors included, are nowadays
utilized in applications where repetitive voltage transients
from power electronics are present, which have been
associated with non-conventional and highly accelerated
ageing behavior [15], [16, 30].
Material development would benefit from a practical way
to evaluate the long-term properties of laboratory scale
materials before expensive and time-consuming pilot-line
production. Accurate evaluation of the long-term properties
of a polymer-based film is however complicated, requiring
knowledge of which type of capacitor it will be used in and
also to what kind of stresses it  will  be subjected to. During
material development these are rarely feasible. Properly
wound up model capacitors would also require more film than
can be produced using laboratory-scale film stretchers. The
use of traditional metal foil is also problematic, as ageing tests
cannot usually continue beyond the first permanent
breakdowns.
The need to evaluate the long-term properties of
laboratory-scale materials has led to the development of an
ageing test system using stacked plate-type capacitors with
self-healing metallized film electrodes. The system was used
to age several BOPP-silica nanocomposites under 100 V/µm
DC stress at 75 °C for 1000 hours, followed by extensive
material characterization to detect ageing-induced changes.
Two  types  of  isotactic  PP  were  compounded  with
hydrophobic fumed silica, and for one PP type compounder
screw speed and antioxidant contents were varied.
2 EXPERIMENTAL DETAILS
2.1 MATERIAL DETAILS
The laboratory scale materials were produced at VTT
Technical Research Centre of Finland Ltd. Two grades of
isotactic polypropylene provided by Borealis Polymers Oy,
PP1  and  PP2,  were  used  as  the  base  materials.  0.9  wt%  of
hydrophobic fumed silica Aerosil® R 812 S was added in the
nano-silica compounds. Aerosil® R 812 S is a fumed silica
aftertreated with hexamethyldisilazane (HMDS). 0.35 wt% of
Irganox 1010 powder antioxidant and 0.0075 wt% of calcium
stearate was added to all compounds. In antioxidant series the
effects of low (0.20 wt%, PP1-LoAO) and high (0.60 wt%,
PP1-HiAO) antioxidant contents were evaluated. The raw
materials were dried at 70 °C and vacuum treated before
processing. All the materials were compounded similarly
with a Berstorff ZE 25/48D twin-screw compounder using a
highly mixing screw configuration and same processing
parameters, therefore the materials share the same thermal
history. In one of the trials, the compounder screw speed was
varied from the nominal 300 1/min, resulting in the low (PP1-
LoSS, 200 1/min) and high (PP1-HiSS, 350 1/min) screw
speed variants. The materials details and processing
parameters are summarized in Table 1.
The compounder strands were cooled, pelletized and dried
and thereafter extruded into cast films with a Brabender
Plasticorder extruder using a flat die. To prevent
contamination, compounding and cast film extrusion were
done in a clean room environment and the machines were
cleaned before processing. All the cast films were similar in
appearance. Cast films were biaxially oriented (stretching
ratio of 5.8 × 5.8) with a Brückner KARO IV biaxial stretcher
at the set temperature of 161°C, except films PP1-HiSS and
PP2-LoSS, which were oriented at the set temperature of
157°C. PP1-HiSS oriented at 161 °C had a significantly
decreased large-area breakdown strength and it was decided
to re-do PP1-LoSS at 157 °C as well for reference purposes.
This was associated with excessive melting during
orientation, which had also manifested in significantly
decreased stretching forces. Material details are presented in
Table 1.  The average thicknesses of the reference samples
demonstrate that the target thickness of ≤ 10 µm was reached.
Cast film samples of the nanocomposite materials were
cryofractured in liquid nitrogen and the nanoparticle
dispersions were evaluated by cross-sectional imaging of the
samples by Zeiss® Merlin-42-63 field-emission scanning
electron microscope (FE-SEM). There were no clear
differences between the materials, and the overall dispersion
was considered adequate and in line with our previous results
[31] using the same hydrophobic silica. Representative SEM
images of PP1-sil are presented in Figure 1.
In addition to the laboratory-scale films, a commercial 14.4
µm capacitor-grade BOPP film was aged both thermally and
electro-thermally. This film is the same used in our earlier
thermal ageing experiments in [32], [33]. Film rolls were
stored under normal room temperature conditions.
2.2 SAMPLE PREPARATION AND TEST
CAPACITORS
Film samples were prepared for use as dielectrics in test
capacitors. The test capacitor dielectric was either four 110
mm × 145 mm samples from laboratory-scale films or a 300
mm × 400 mm sheet of the commercial capacitor-grade film.
Four  380  mm  ×  90  mm  sheets  of  commercial  Zn-Al
metallized capacitor-grade 12 µm BOPP film were used as
electrodes, the self-healing capability of which enabled the
test capacitors to tolerate breakdowns during ageing [3, 34].
The film arrangement resulted in an active area of
approximately 400 cm2. This also left an at least 10 mm free
margin around the film samples. The test capacitors were
sandwiched between two 3 mm thick 400 mm × 400 mm glass
plates. In preliminary high temperature tests in ambient air
the metallized BOPP electrode film adhered to the glass
plates. To prevent this, A4-sized 100 µm polyester sheets
were placed between test capacitor and the glass plates. The
ageing test capacitor structure is depicted in Figure 2a.
20 test capacitors were produced; 16 using laboratory-scale
materials and 4 using the commercial capacitor-grade film.
The test capacitors were loaded into two custom-made test
racks and the protruding metalized film edges were
sandwiched between two flat aluminum bars. To evaluate the
effects  of  thermal  stress  only,  additional  sheets  of  the
commercial capacitor-grade film were placed on top of the
test rack assembly in paper envelopes.
2.3 AGEING SETUP
The ageing test circuit, illustrated Figure 2b, was designed
to minimize the demetallized area during self-healings which
is related to the inverse of self-healing energy, which in turn
is inversely proportional to the capacitance partaking in the
self-healing process [3]. This capacitance was decreased by
connecting the high voltage bar electrodes to a common
feedthrough via 10 kΩ low inductance thick film resistors.
Test voltage was supplied via Keithley 2290E-5 high voltage
Table 1. Specifications of the laboratory-scale materials evaluated. All the materials were produced at VTT Technical Research Centre of Finland Ltd.
Material Nanosilica(wt%)
Antioxidant
(wt%)
Screw
speed
Bi-axial
stretching ratio
Bi-axial orientation
set temperature (°C)
Film thickness (µm)
Mean SD
PP1-ref - 0.35 normal 5.8 × 5.8 161 9.97 1.01
PP2-ref - 0.35 normal 5.8 × 5.8 161 10.24 0.87
PP1-sil 0.9 0.35 normal 5.8 × 5.8 161 8.47 0.79
PP2-sil 0.9 0.35 normal 5.8 × 5.8 161 9.49 0.78
PP1-LoAO - 0.2 normal 5.8 × 5.8 161 8.96 0.99
PP1-HiAO - 0.6 normal 5.8 × 5.8 161 10.31 0.84
PP1-LoSS 0.9 0.35 low 5.8 × 5.8 157 9.59 0.76
PP1-HiSS 0.9 0.35 high 5.8 × 5.8 157 9.16 0.65
Figure 1. Cross-sectional SEM images of cryofractured PP1-sil (0.9 wt% silica) cast film at two zoom levels, taken at VTT Technical Research Centre of
Finland Ltd. These images were representative of the nanoparticle distribution and dispersion in all of the evaluated nanocomposites. The effects of screw
speed variation were not clear. Nanoparticle distribution and dispersion were adequate and similar to what has been measured in our earlier nanocomposite
research projects using the same hydrophobic fumed silica.
power supply (HVPS) having a manufacturer reported
maximum output ripple of 0.1 VRMS. An external RC-filter
was used to smooth out transients. Test voltage was ramped
up in 50 V increments, giving the HVPS current, monitored
via the HVPS current meter (resolution of 0.001 mA), time to
stabilize after each step. This was done to limit the inrush
current to the highly capacitive load and to prevent
degradation of the metallized electrode film – aluminum
electrode interface caused by Joule heating in the resistive
aluminum oxide layers.
The test capacitor racks were placed in a gas-tight
environmental chamber or ‘oven’ detailed in [33], and a
constant nitrogen flow of approximately 40 ml/min was fed
into the oven through an Aalborg flowmeter to prevent
ambient oxygen and moisture from seeping in. During the
first 72 hours over 500 liters of nitrogen was fed into the oven
to displace air inside. To push air out from between the film
layers a voltage of 340 V was applied to the test capacitors
during this period, which in preliminary tests had been
deemed sufficient to remove visible air bubbles from between
film layers. Temperature was maintained with two 400 W
heaters and a cross-flow fan, the latter being necessary in
reducing the temperature gradient [33]. The ageing setup is
illustrated in Figure 3.
After ageing the capacitances of the individual test
capacitors  were  measured  (at  1  kHz  and  2  VAC)  with  GW
Instek LCR-8101G LCR meter. The results are reported in
Table 2. The measured capacitances were in line with the film
thicknesses, which is interpreted to indicate proper adhesion
of electrode and sample films. The series resistance of the test
capacitors varied considerably not only between samples but
also between consecutive measurements on the same test
capacitors. This is presumed to result from contact issues
caused by aluminum oxidation.
2.4 ELECTRO-THERMAL STRESS LEVELS
Target electro-thermal stress levels were 100 V/µm for
laboratory-scale films and 75 °C. Oven temperatures were
recorded from bottom, middle and top of the test racks with
iButton temperature loggers every three hours. Based on
these measurements the temperature accuracy was estimated
to be better than 0.5 °C and temperature variations after initial
stabilization were minimal.
The  test  voltage  of  950  V  was  determined  based  on  the
average thickness (9.52 µm) of the reference laboratory-scale
samples, as the thickness of aged samples was determined
after ageing. This was done to avoid any extra film handling
before the ageing experiment. Voltage was measured with a
North Star High Voltage PVM-1 1:2000 probe and a Fluke
179 multimeter, which after stabilization indicated a voltage
of 948.6 V. Realized electric field stress levels were
determined from the 81 cm2 samples to be measured using the
large-area breakdown measurement [35–37], more detailed in
subsection 2.6. LE1000-1 high-precision thickness gauge
with a manufacturer-reported accuracy of 0.1 µm and a ball-
point measurement tip was used for all the thickness
measurements, and only the thicknesses from areas with
breakdowns during the breakdown measurement were used
for the calculation of mean thickness. The material-specific
electric field stress levels are reported in Figure 4.
2.5 AGEING TEST PROGRESSION
The test duration of 1000 hours at the target stress levels
was loosely based on IEC TS 60871-2 [20]. The initial 72-
hour gas exchange period took place at room temperature,
after which the heating was turned on together with the full
test voltage. Temperature logs indicate that the oven
temperature stabilized to 75 °C after 5 hours. The PID
controller had been tuned beforehand and thus no significant
overshoot was expected.
After  1000  hours  the  supply  side  of  the  RC  filter  was
grounded and the oven was let to cool for several days.
Grounding was  done  via  its  1  MΩ resistance  to  give  space
charge time to dissipate as based on literature rapid grounding
of energized XLPE cables has been associated with electrical
Table 2. Features of test capacitors after ageing: number of self-healing
breakdowns and series capacitances and -resistances. Electrical parameters
were measured at 1 kHz and 2 VAC. Resistive component varied between
measurements, which is interpreted to indicate imperfect contact at the bar
electrode – metallization interface.
Cap. Material BDs CS (nF) RS (Ω) Cap. Material BDs CS (nF) RS (Ω)
1 PP1-ref 0 95 212 11 PP1-HiAO 0 93 93
2 PP1-ref 0 88 73 12 PP1-HiAO 0 98 165
3 PP2-ref 1 84 173 13 PP1-LoSS 1 98 75
4 PP2-ref 0 82 133 14 PP1-LoSS 2 92 86
5 PP1-sil 5 107 40 15 PP1-HiSS 1 90 23
6 PP1-sil 0 110 89 16 PP1-HiSS 1 92 73
7 PP2-sil 0 89 386 17 cap-BOPP 0 67 86
8 PP2-sil 0 92 47 18 cap-BOPP 0 64 122
9 PP1-LoAO 2 92 185 19 cap-BOPP 0 66 130
10 PP1-LoAO 2 100 50 20 cap-BOPP 0 63 76
Figure 3. Ageing test setup, parts shown: (1) test racks; (2 & 3) heaters; (4)
controller PT100 sensor; (5 & 6) temperature loggers placed on top; (7)
nitrogen regulator and flowmeter; (8)  cross-flow fan.
Figure 2. Ageing experiment test capacitor (a) and circuit (b). Parts: (1)
glass plates (2) polyester support films, two on each side (3) bottom electrode
BOPP films  (4)  top  electrode films (5) four film samples. For commercial
capacitor-grade film four samples were replaced with one large sheet.
Voltage was measured from VMEAS.
1
2
3
4
5
10 cm
R 10 kS Ω
R 10S Ω
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degradation (treeing) [38]. Nitrogen flow remained on until
room temperature was reached. Logs indicate that the gas
temperature had dropped below 30 °C in 20 hours
The test capacitors were visually inspected for
breakdowns. Laboratory-scale materials had a total of 15
breakdowns and the commercial capacitor-grade film had
none. The breakdowns were located seemingly randomly on
the film surface, with no breakdowns at electrode edges. The
amount of breakdowns in each test capacitor has been
presented in Table 2.
The test circuit was fitted with discharge logging system
capable of measuring µs-scale current pulses in individual
test capacitors. As a discharge or a breakdown took place, the
dissipated energy would be replaced by a fast current pulse.
These pulses would be detected by actively comparing the
voltage difference across the 10 Ω low-inductance resistors
to an adjustable voltage reference. The 20-channel
measurement circuit consisted of peak hold rectifiers,
comparators and a FPGA-based detector. Based on initial
testing this setup would be capable of detecting pulses with
amplitude of approximately 100 mA.
Analysis of the recorded data indicated excessive
discharging in test capacitors 2 (80 events) and 4 (105
events). Visual inspection of these aged samples however
revealed that neither of these samples had any breakdown
holes. This discrepancy indicated that discharging may have
taken place in the aluminum bar – metallized film electrode.
This was further supported by discernible demetallization in
the film-bar interface regions.
2.6 MATERIAL CHARACTERIZATION
Large-area DC breakdown behavior of all the materials and
the complex dielectric permittivity of the laboratory-scale
materials was measured before and after ageing.
Additionally, differential scanning calorimetry (DSC) and gel
permeation chromatography (GPC) measurements were
conducted for all the PP1-based materials.
Breakdown measurements were conducted using large-
area multiple breakdown methodology detailed in e.g. [35]–
[37]. 12 µm metallized BOPP film was used as electrodes and
measurements were conducted in dielectric oil (Shell Oil
Diala). A fast voltage ramp-up of 400 V/s up to 2 kV followed
by a slower ramp at 30 V/s was used, and measurement was
continued until no breakdowns were detected.
A self-healing discharge energy and breakdown voltage –
based data qualification procedure detailed in e.g. [37] was
used to validate each recorded event. For laboratory-scale
films the breakdown fields were determined manually by
combining the 25-point thickness data with a video recording
of the measurement. To reach a both statistically and visually
adequate fit the qualified events were fitted to either single
two-parameter or additively mixed two-subpopulation
Weibull-distributions [13]. For a few materials individual
outliers were excluded from Weibull parameter estimation to
reach an adequate fit with the large majority of data points.
The complex dielectric permittivity of reference and aged
laboratory scale films was measured using Novocontrol
Alpha A –analyzer. Measurements were done using a
shielded sample cell BDS 1200 with a test voltage of 1 VRMS,
the sample being sandwiched between gold-plated 40 mm Ø
bottom and 10 mm Ø top electrodes. Golden electrodes (d=50
nm) with a diameter of 12 mm were evaporated on two
approximately 32 × 32 mm film samples using Leybold
L560E E-Beam evaporator. Before evaporation the samples
were dried overnight in a vacuum flask at 35 °C, then washed
twice in 2-propanol and fastened to a metal sample holder,
with the latter two steps conducted in a clean room to prevent
contamination by airborne particles. For accurate
determination of the relative permittivity, the thicknesses of
the samples were measured from four points around the
evaporated electrode.
To evaluate the repeatability of the measurement two
samples of each film were prepared and measured twice. The
average and standard deviation of these four measurements
50 Hz are reported. For some materials one of the two
samples had a hole, recognized by indentures and loss
characteristics typical of surface conduction [39] (other
sample displaying rather flat loss levels in the measured
frequency range). The measurement data from the broken
samples was not used in any of the analyses.
3 RESULTS
3.1 LAB-SCALE MATERIALS
The Weibull distributions of the large-area multiple
breakdown measurement results of laboratory-scale materials
are presented in Figure 5 and their distribution parameters are
given in Table 4. The absolute values of relative permittivity
and the loss tangent (tan δ) at 50 Hz together with the results
from DSC and GPC measurements on PP1 materials are
presented in Table 3. Of the DSC measurement melting Tm
and crystallization Tcr temperatures and the calculated degree
of crystallinity Xc are presented. Of the GPC results the
number- Mn, weight- Mw, z- Mz and viscocity- Mv averaged
molar masses, the polydispersity PD and antioxidant contents
in ppm are reported.
3.2 COMMERCIAL BOPP FILM
The Weibull distributions from large-area multiple
breakdown measurements on reference, electro-thermally
aged and also thermally aged commercial capacitor-grade
film are presented in Figure 6 and the Weibull distribution
parameters are shown in Table 5. The reference
measurements consist of 30 samples while the thermal and
electro-thermally aged results are from 12 and 11 samples
respectively. Due to the uniform thickness profile in the
Figure 4. Electric field stresses for different material, with averages,
extreme values and standard deviations. Target field  for laboratory-scale
materials was 100 V/µm.
commercial capacitor-grade films no manual thickness
correction was used. The reference measurement results have
been previously presented in [32], [33].
4 DISCUSSION
4.1 LABORATORY-SCALE MATERIALS
The large-area DC breakdown strength of the neat PP and
the nanocomposite films was in line with our earlier studies
[31, 37] using the same hydrophobic silica. The overall large-
area breakdown strength was also in line with the commercial
BOPP film, and also largely in line with what is reported for
eight non-metallized BOPP films in [37]. The breakdown
behavior of all materials was homogeneous, despite the one
statistically insignificant outlying low-field breakdown in
PP1-sil and PP2-sil references. Of the nanosilica series
(Figure 5a) PP2-sil had the highest breakdown characteristic
strength, yet this apparent improvement was accompanied
with a decreased distribution homogeneity compared to the
other materials of the series. From the antioxidant series the
low antioxidant variant had slightly decreased breakdown
strength, but more interestingly the breakdown strength of the
high-AO variant was in line with the reference. This was also
the case in the screw speed series, where the low variant was
slightly lower. All in all the overall differences between the
materials were considered small compared to for example the
effects of increasing silica content beyond 1 % [31].
The  small  amount  (0.9  wt%)  of  silica  was  chosen  since
increasing nanosilica filler loading has been associated with
decreasing characteristic breakdown strength in BOPP-silica
nanocomposite films [31] and also in polyethylene matrices
[40]. The hydrophobicity of the silica limits water absorption,
recognized as one of the main challenges in nanodielectrics
research and which has been associated with deteriorating
dielectric properties [25] and sources therein. A commercial
product available in large quantities was used for its
suitability for pilot and industrial-scale manufacturing. The
compounder screw speed trial was based on our earlier
studies with 4.5 wt% hydrophobic silica BOPP-
nanocomposites [41], where decreased screw speed resulted
in significantly higher overall breakdown strength. In this
study however no such clear effect was observed, which may
be associated with lower silica loading.
The complex dieletric permittivity of the silica- and screw
speed series reference materials was similar, indicating that
neither the addition of 0.9 wt% nano-silica nor the screw
speed markedly affect the loss levels. However PP1-LoAO
from the antioxidant series, both reference and aged, had the
lowest dielectric loss levels in the frequency range of 0.1–
100k Hz. The decrease in the loss levels with a lighter
antioxidant loading was in line with the study of Umemura et
al. [42], based on which more pronounced differences could
be expected if measurements were repeated at elevated
temperature.
Notable differences can be seen in the DSC-results of the
screw speed series, with both variants, but especially PP1-
HiSS displaying a lower degree of crystallinity accompanied
with lower melting and crystallization temperatures. This
explains the difficulties in successfully bi-axially orienting
these films at 161 °C (Subsection 2.2). Worth mentioning is
also that a similar, albeit slighter, decrease was measurable
between PP1-ref and PP1-sil. The degree of crystallinity does
not however correlate with the dielectric loss levels or the DC
large-area dielectric breakdown strength, contrary to [43]
where lower dielectric loss levels are reported for a high
crystallinity BOPP film. The GPC results however do not
indicate significant changes in the averaged molecular
weights, which may indicate that the differences in DSC
results originate from morphological changes. It is therefore
postulated, that in future the orientation parameters should be
optimized individually for each material to obtain the best and
most representative dielectric performance for each material.
4.2 EFFECTS OF AGEING
Distinct differences in the DC large-area breakdown
behavior were seen between the electro-thermally aged and
the reference films. The characteristic 63.2 % breakdown
strength of all the materials had decreased after electro-
thermal ageing, and all of them except PP1-HiAO and PP1-
HiSS displayed curvature towards lower fields in the low
probability region. The two aforementioned materials in turn
displayed increased scatter in breakdown voltages, and thus
significantly decreased Weibull β. For capacitor applications
Table 3.  Physical and electrical properties of the laboratory-scale films: melting and crystallization temperatures and total crystallinity from DSC
measurements; molar masses, polydispersity and amount of antioxidants from on GPC measurements and complex dielectric permittivity at 50 Hz. Electro-
thermal DC ageing did not significantly affect these bulk material properties. *) only one sample was measured.
Tm Tcr Xc Mn Mw Mz Mv PD Antioxidants │εr│(50 Hz) SD
tan δ (×10-4)
(50 Hz)
SD
(×10-4)Not aged °C °C % /1000 /1000 /1000 /1000 (ppm)
PP1-ref 159.9 115.5 48 56.4 257 600 223 4.57 2350 2.10 *- 7.0 0.1
PP2-ref 2.13 0.04 5.8 0.7
PP1-sil 159.6 114.6 47 58.3 256 596 221 4.39 2140 2.11 *- 5.9 0.1
PP2-sil 2.12 0.01 4.5 0.3
PP1-LoAO 159.0 116.3 47 47.0 232 509 202 4.93 840 2.15 0.01 3.6 0.2
PP1-HiAO 158.9 114.2 45 59.6 260 608 224 4.36 3430 2.18 0.01 6.6 0.2
PP1-LoSS 156.3 113.1 44 55.1 263 646 226 4.78 2910 2.11 0.00 5.0 0.2
PP1-HiSS 156.7 112.6 41 53.5 234 551 202 4.36 3600 2.06 0.02 7.4 0.1
Aged
PP1-ref 160.6 115.6 44 57.9 259 596 221 4.47 2340 2.15 0.03 6.0 0.7
PP2-ref 2.18 0.02 4.3 0.9
PP1-sil 160.8 114.6 44 59.6 260 595 225 4.35 2320 2.19 0.03 5.6 0.5
PP2-sil 2.16 0.01 4.5 0.1
PP1-LoAO 158.6 116.9 48 58.3 239 529 209 4.09 1180 2.18 0.01 4.2 0.3
PP1-HiAO 158.3 114.7 45 61.8 268 642 231 4.33 4130 2.20 0.01 5.6 0.1
PP1-LoSS 157.7 113.4 43 54.6 272 697 232 4.98 3040 2.16 0.02 4.7 0.3
PP1-HiSS 155.0 113.4 41 53.8 229 528 198 4.26 2950 2.18 0.00 5.4 0.6
the weak points are the most interesting, albeit difficult to
measure in statistically significant quantities using traditional
small-area single-breakdown methods. However, the large-
area measurement method used is capable of detecting these
statistically rare events. Similar ‘weak point’ formation has
been reported in neat BOPP films thermally aged using a
1000 hour step stress from 50 to 110 °C [32, 33], in which
however weak points were not measured after the highest
stresses, raising questions whether the changes were ‘ageing’
or thermal conditioning or if they were related to varying film
quality.
It is remarkable that the PP1 based nanocomposites
displayed similar breakdown behavior compared to its un-
filled reference, even though referring to Figure 4 PP1-sil was
aged in a higher mean electric field. This may indicate that
PP1-silica is more resistant to ageing compared to its un-filled
reference. One possible explanation could be improved
partial discharge (PD) resistance in silica-filled material [29],
but this cannot be verified since the PD levels in the test
capacitors were not measured, and since although silica filler
has been associated with improved PD resistance, it is not
known if this benefit remains with small (0.9 wt%) amounts
of silica. On the contrary the breakdown strength of the aged
PP2-sil film was slightly lower than its un-filled reference, in
comparison with reference measurements in which PP2-sil
demonstrated highest breakdown strength. This illustrates the
importance of both long-term testing and evaluating different
PP grades when preparing nanocomposites.
No changes in the bulk material properties were detected
in the aged film samples, as demonstrated by the essentially
unchanged GPC and DSC measurement results. GPC
measurements would have indicated if the average molecular
weight had changed, which would have indicated that chain
scission or crosslinking had occurred. However, based on the
results in Table 3 it is evident that neither of the
aforementioned had occurred in significant quantity. The
variations seen may as well result from measurement
uncertainty, caused by a limited quantity of aged film used in
the analyses.  This is also suspected to be the prime reason
behind the apparent increase of  antioxidant  contents  in  the
majority of the aged materials. Nevertheless, it is clear that
non-significant antioxidant consumption took place during
electro-thermal ageing. The DSC measurements indicate that
the degree of crystallinity was not affected by electro-thermal
DC ageing.
The complex dielectric permittivity over a broad frequency
range (~0.1–100 kHz) of the laboratory-scale materials
remained unchanged, and was essentially the same for all the
materials apart from PP1-LoAo which displayed lower
Figure 5. Large-area DC multi-breakdown performance of aged and reference films. a & d) The effects of two grades of PP base polymer and 0.9 wt-% of
hydrophobic nano-silica. Low-field weak points are seen in all four aged material, and in comparison with the other three the characteristic breakdown strength
of PP2-sil decreased rather notably. b & e) The effects of high and low antioxidant contents and c & f) the effects of high and low compounder screw speed.
overall loss levels. The differences between the two
measurements on individual samples were minimal, but the
differences between the two samples measured were in many
occasion in the same scale as the differences between
materials. As such it can be concluded that with the possible
exception of the antioxidant contents neither of the process
variations had major effect on the real permittivity or
dielectric loss levels. This confirms that ageing, at least
within this scope, does not markedly affect the dielectric loss
levels. Nevertheless, together the aforementioned results
assert that the ageing had no significant effect on the bulk
material. In comparison significant morphological changes
have been reported [6] in BOPP films thermally aged for 60
days at 150 °C in SF6 gas. These changes were detected using
DSC and GPC measurements and were also associated with
changed dielectric response. This confirms that such changes
can be measured using the methods used, but also that 75 °C
was probably not high enough to induce such changes.
None of these measurements can however provide
information on any localized degradation which has been
associated with polymer ageing [3, 32]. Limited and localized
degradation could explain the ‘weak points’ measured in the
aged films, but on the other hand the decrease of the
characteristic breakdown strength, which could indicate
changing intrinsic properties, remains unaccounted for.
Low-probability low voltage breakdowns or ‘weak points’
were also measured in the electro-thermally aged commercial
BOPP film. This suggests that localized degradation similar
to the laboratory-scale films had taken place. On the other
hand, the thermally only aged commercial film samples
displayed an increase in overall breakdown strength, similar
behavior has been reported for one thermally aged
commercial BOPP film in [33]. Worth mentioning is also that
the film thickness was not affected by the thermal stressing,
indicating that no shrinkage had occurred. This behavior may
however be related to annealing effects rather than true
‘ageing’, especially considering the relatively short duration
of 1000 hours when compared to capacitor service lives, often
measured in decades.
4.3 AGEING TEST
The  function  of  the  ageing  test  system  used  was  not  to
perfectly imitate conditions found in real capacitors, but to
subject several different films to similar stresses for a
prolonged period, and to use the differences in material
properties after ageing as a guideline in further material
development. The ageing test system fulfilled these purposes,
since the differences in the breakdown behavior between
aged and reference samples, especially the weak point
formation clearly indicate measurable ageing had occurred,
despite no changes in bulk material property were measured
in DSC and GPC. The next step is to apply the methodology
to AC ageing, although care is needed to prevent partial
discharging whose deleterious effects on BOPP films have
been demonstrated recently at TUT [44] and also in related
literature [45].
One possible source of uncertainty in the ageing system
used is the success in removing the ambient air. Atmospheric
air containing oxygen and moisture may have been ‘trapped’
between the metalized electrode films and the dielectrics. The
presence of oxygen has been linked with accelerated
degradation and the appearance of low-field weak points [2],
[46]. In the latter degradation has been associated with
radical-oxidation reactions progressing non uniformly,
resulting in localized degradation and the weak points. Worth
mentioning is also that in [47] it has been proposed that
ageing of polymeric insulation in air would be representative
(albeit accelerated) of ageing in oxygen-free environments.
However in [46] oxygen-accelerated reactions have been also
associated with notably lower mean molecular weight due to
chain scissions, contrary to what was measured in this study.
This, combined with the result that no antioxidant depletion
had occurred seem to indicate the air removal was indeed
Table 4. Weibull distribution parameters for large-area DC breakdown measurements on the laboratory-scale films.
Material Reference Electro-thermally agedPoints α β Points Portion α1 β1 Portion α2 β2
PP1-ref 143 666 10.3 217 0.18 542 3.1 0.82 622 11.0
PP2-ref 154 644 11.6 215 0.14 504 2.9 0.86 612 14.4
PP1-sil 154 655 11.1 265 0.14 623 3.0 0.86 617 9.3
PP2-sil 124 738 7.4 227 0.34 572 4.3 0.66 585 12.5
PP1-LoAO 149 652 9.0 228 0.15 554 3.0 0.85 612 11.6
PP1-HiAO 128 662 10.7 302 599 5.8
PP1-LoSS 102 645 9.8 228 0.18 465 2.4 0.82 620 12.8
PP1-HiSS 82 617 8.2 304 583 4.8
Figure 6. Large-area breakdown behavior of a commercial  BOPP film:
breakdown strength increased with thermal ageing while electro-thermal
ageing resulted in weak point formation. Reference results are from [32],
[33].
Table 5. Weibull distribution parameters for Cap-BOPP:
Points Portion α1 β1 Portion α2 β2
Reference 793 - 1 638 10.6
Electro-thermally aged 185 0.11 448 3.7 0.89 627 23.5
Thermally aged 183 - 1 700 25.1
successful. Based on [46] FTIR measurements would
however be useful in confirming this further.
5 CONCLUSIONS
A new type of large-area electro-thermal ageing test
system for polymer thin films was designed, assembled and
evaluated successfully. Self-healing metallized electrodes
enabled the ageing test to continue beyond the first
breakdowns, and in principle would have enabled collection
of times-to-breakdown data, although in practice this was
hampered by possible non-breakdown discharging elsewhere
in the system.
The ageing test system was used in a long-term DC ageing
test, the results of which suggest that localized degradation in
BOPP and BOPP-silica nanocomposite films during ageing
results in the formation of low-field breakdowns or “weak
points”. No changes in bulk material properties were
measured with DSC, GPC and dielectric spectroscopy, as
such the large-area breakdown methodology from [31, [35–
37] was proven especially suitable in evaluating the effects of
thin film ageing.
Eight laboratory-scale films were stressed for 1000 hours
at 75 °C and 100 V/µm. In multiple cases the relative order
of goodness of the films reversed after ageing, demonstrating
the importance of long-term characterization during material
development. The effect of two PP grades, the addition of 0.9
wt% of hydrophobic nano-silica, compounder screw speed
and antioxidant contents were evaluated. Slight differences
were detected between materials, and more importantly it was
proven that it was possible to reproduce the results from
earlier projects, in which laboratory-scale BOPP-
nanocomposites having large-area DC breakdown strength
comparable to neat BOPP films and commercial capacitor-
grade products were produced successfully. Moreover, the
oriented nanocomposite films had similar dielectric loss
levels to the neat PP materials. Together these results suggest
that BOPP-silica nanocomposites may have long-term
properties comparable to neat BOPP films.
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  Abstract- A large-area high temperature breakdown 
measurement and an ageing test method are presented. These 
methods facilitate the development of reliable higher energy 
density film capacitors by exploiting large measurement areas to 
provide information on weak point formation and subtle changes 
in breakdown behavior after electro-thermal or thermal ageing. 
The test methods were used to characterize two types of highly 
isotactic biaxially oriented polypropylene capacitor films, which 
had similar breakdown behavior at room temperature, but 
different breakdown properties at high temperature and out of 
which one was more susceptible to electro-thermal DC ageing. 
 
I.    INTRODUCTION 
 
Large-area breakdown tests and electro-thermal ageing tests 
during material development are used to evaluate effects, 
which limit the energy density of assembled capacitors far 
below any theoretical values calculated from small-area 
breakdown strength and permittivity. These mechanisms 
include the decrease of breakdown strength when insulation 
area [1], temperature [2] or duration of applied voltage [3] is 
increased. 
Today state-of-the-art power capacitors utilize biaxially 
oriented isotactic polypropylene (BOPP) as the main 
insulation. By using high purity base materials a low dielectric 
loss factor (tanδ ~ 10-4) [4] and with optimized film processing 
[5] a small-area breakdown strength above 700 V/µm are 
achieved. Moreover, the capacitance of BOPP capacitors 
remains constant over a wide temperature range. These 
convincing dielectric properties however come at a cost of 
larger physical size, as the available energy density is 
constricted by the relatively low dielectric constant of BOPP 
(2.22–2.25) [6].  
There is a continuing effort to manufacture higher energy 
density capacitors demanded for high energy- and power 
density applications, such as voltage source converters (VSCs) 
in wind turbines and offshore AC/DC converter stations. 
Energy density can be increased either by developing 
materials which can withstand higher electric fields during 
operation or by using higher permittivity dielectrics [7]. 
Increasing the operating field improves the energy density in a 
power of two, while for increased permittivity the increase is 
only linear. Moreover, a look at a list of common dielectric 
plastics reveals that higher permittivity often comes at a cost 
of increased dielectric losses, which limits the energy density 
through the limited service temperature [8]. 
This paper presents our recent progress in developing and 
evaluating suitable and reproducible test methods to rank the 
dielectric performance of different capacitors films. In this 
study, two BOPP films from highly isotactic PP grades were 
evaluated, yet similar methods could also be used to 
characterize other dielectric films with self-healing capability. 
Properties of the films were determined using room- and high 
temperature large-area multiple breakdown measurements and 
DC electro-thermal and thermal ageing tests. The high 
temperature test method is further developed from [9] and the 
ageing test methodology is featured in a recent TDEI article 
[10]. The effects of ageing were characterized with wide-angle 
x-ray scattering (WAXS), differential scanning calorimetry 
(DSC) and large-area multiple breakdown measurements. 
 
II.   EXPERIMENTAL DETAILS 
 
A. Capacitor materials tested 
Two industrially produced BOPP films based on highly 
isotactic polypropylene grades with different molecular 
weights were characterized. The films were provided as film 
rolls and later on referred as PP-1 and PP-2. The average 
thicknesses of the both film were approximately 5.6 µm with a 
standard deviation of 0.1 µm. 
 
B. Large-Area Multiple Breakdown Measurement 
The large-area DC breakdown strength of the films was 
measured at room temperature and 100 °C using methodology 
detailed in e.g. [5]. Similar measurements at room temperature 
were also done on intact portions of electro-thermally and 
thermally aged films, as changes in breakdown behavior is an 
indicator of insulation ageing [11], with large measured areas 
revealing possible weak point formation or localized 
degradation. All breakdown measurements were done in 
ambient air. 
Reference and high-temperature breakdown measurements 
were done on 12 samples and 6 samples of aged materials 
were measured. Each sample had an active area of 81 cm2. A 
commercial 12-µm Zn-Al metallized BOPP film was used as 
  
 
Fig 1a: Features of test capacitors for electro-thermal ageing (for labels please 
see text) and 1b: example photos of electro-thermally aged test capacitors. 
Capacitors aged at 200 V/µm were destroyed by self-healing breakdowns 
while those aged at 100 V/µm had a few isolated clearing. 
electrodes and a voltage ramp of 30 V/s was applied to the 
“test capacitor” until no more discharges were detected. 
Proper and independent breakdowns were selected from all 
recorded discharge events using a self-healing energy and 
voltage –based data qualification procedure [5]. Breakdown 
fields were calculated using the average thickness of the film 
samples and fitted with either single two-parameter or 
additively mixed two-subpopulation Weibull distributions. 
The first breakdowns from the reference measurements were 
also reviewed using video recordings and any possible non-
breakdown discharges were manually removed in order to 
ensure highest reliability BDS results. 
 
C. High Temperature Breakdown Measurement 
 Breakdown strength measurements at 100 °C were 
conducted in a 0.125 m3 test chamber, heated with 800 W 
PID-controlled heaters. As an improvement to our earlier high 
temperature large-area measurements [9], the temperature 
accuracy was improved by using an 800 W hot plate to heat 
the test fixture. The temperature of the test fixture was 
monitored in real time, and temperatures on top of the hotplate 
and test fixture were used to evaluate temperature gradient. 
The temperature accuracy was estimated to be better than ± 
1.5 °C. The warm-up period before measurements was 
approximately 15 minutes. 
 
C.    DC Electro-Thermal Ageing Test 
The ageing test was designed to simulate real capacitors 
where thermal and electrical stresses are present and the 
exposure to oxygen and moisture is limited. Oxidative 
degradation has been linked to decreasing breakdown strength 
of BOPP films [12], [13], against which capacitors are 
protected with vacuum impregnated oil or epoxy 
encapsulation. Based on IEC 60871-2 [14] the ageing test 
duration was 1000 hours (41 ⅔ days), and target stress levels 
were 100 °C and 100 V/µm for half and 100 °C and 200 V/µm 
for the rest of the samples. These were in the range of 
operating fields of metallized film PP capacitors [15] and in 
the < 1% probability range in 100 °C breakdown 
measurements. At the same time sheets of film were also aged 
thermally in the oven. 
Eight parallel-plate test capacitors, as depicted in Fig 1a, 
were constructed from both materials. Metallized polyethylene 
naphthalate (PEN) films (1) were used as electrodes and the 
assembly was supported by 100 µm polyester films (2). The 
capacitors were sandwiched between two 3 mm × 400 mm × 
400 mm glass plates and installed in test racks. The 
connections to Keithley 2290-5 power supplies and ground 
were realized by clamping the protruding edges of the 
electrode films between two aluminum bars (3).  
An initial preconditioning step was done to expunge air 
from between the film layers. This consisted of energizing at 
40 VDC/µm for 24 hours during which the chamber was 
flooded with inert nitrogen gas. A nitrogen flow was 
maintained during ageing to retain overpressure and prevent 
air from leaking in. Nevertheless, the presence of trace air 
cannot be ruled out, as some air may have been left between 
the supporting polyester and glass layers. However, a limited 
supply of air and moisture may be trapped between the layers 
of dry-type film capacitors during winding [16]. 
The test voltages of 561 and 1122 VDC were applied after 
preconditioning and the chamber was heated to 100 °C. 
Temperature recorders inside the chamber indicated that the 
temperature stabilized to 96–100 °C after 8 hours, but after a 
cross-flow fan inside the oven broke at 600 hours the 
temperatures dropped to 90–94 °C. After ageing the capacitors 
were short-circuited and let to cool for a several days before 
further characterization. 
 
III.   RESULTS AND DISCUSSION 
 
The Weibull distributions from large-area DC multiple 
breakdown measurements at room temperature (RT) and 100 
°C (HT) measurements are displayed in Fig. 2a with results 
from thermo-electrically and thermally aged films displayed in 
Fig. 2b. Only films aged at 100 V/µm could characterized, as 
those aged under 200 V/µm were destroyed by discharge 
activity, and no samples could be prepared from them. In the 
first days of the measurement, relentless self-healing activity 
in 200 V/µm capacitors was suspected since the supply current 
remained unstable for the first days of measurement, after 
which occasion current spikes were detected. Visual post-
ageing inspection confirmed separation of active electrode 
areas caused by extensive demetallization, which was 
probably followed by occasional DC corona discharges. The 
damage is illustrated in Fig 1b The results was rather 
surprising, since the 200 V/µm is still below those 
encountered in high energy density PP capacitors [15]. 
 The materials had high initial crystallinity, which increased 
further due to thermally induced secondary crystallization [17] 
as evident in WAXS and DSC measurements summarized in 
Table I. The increased degree of crystallinity is also reflected 
in increasing melt peak temperatures, but presumably due to 
dominating ageing mechanism did not result in increasing 
breakdown strength. WAXS verified that the BOPP films 
contained only monoclinic α-form, as expected since β-form 
crystallinity in cast films, if any, transforms to α-form during 
biaxial orientation process [18]. 
Both non-aged films had similar breakdown behavior at 
room temperature and their characteristic 63.2% breakdown 
strength of 792–794 V/µm was high compared to other 
commercial and pilot-scale films measured using similar 
techniques, reported in e.g. [5]. Single Weibull distributions fit 
the RT data well, which suggest that one breakdown 
mechanism was operating [19].  
  
TABLE I 
THERMAL, MORPHOLOGICAL AND DIELECTRICAL FEATURES OF CAPACITOR INSULATION FILMS TESTED 
 
Melt onset °C Melt peak °C 
Crystallinity XC    
(DSC)% 
Crystallinity XC 
(WAXS)% 
63.2% breakdown strength 
(V/µm) 
Breakdown 
points 
PP-1 reference RT 154.5 166.6 60.3% 67.5% 792 277 
PP-1 100 °C 
    
633 351 
PP-1 thermal  168.0 168.5 71.5% 76.3% 747 153 
PP-1 thermo-electrical 100 V/µm 165.8 168.0 69.1% 73.7% 677 234 
PP-2 reference RT 157.0 166.2 60.3% 65.5% 794 325 
PP-2 100 °C 
    
607 504 
PP-2 thermal  167.4 169.0 66.8% 74.7% 721 126 
PP-2 thermo-electrical 100 V/µm 169.6 170.0 68.8% 73.1% 718 245 
 
 
Fig. 2 Weibull distribution of breakdown voltages at a) room temperature, 100 °C and b) after thermo-electric and thermal ageing. Shaded areas represent 90% 
two-sided confidence intervals. 
 At 100 °C the characteristic breakdown strength of both 
films decreased by approx. 18%, and differences between the 
films became evident, with PP-2 demonstrating lower 
breakdown fields in the 5–50% probability range. 
Nevertheless, both films still displayed similar breakdown 
behavior in the few percent probability region that may be the 
most interesting for practical capacitor applications.  
The ~18% decrease in characteristic breakdown strength 
from RT to 100 °C is high compared to literature value of 11% 
presented in [2] or in our earlier studies [9]. This does not 
seem be related to the degree of crystallinity as the relative 
degrees of crystallinity, both from DSC and WAXS 
measurements is close to the 61% reported in [20]. The DSC-
based crystallinity is also high compared to 53% reported for 
high crystallinity BOPP film in [21]. In this sense, the 
relationship between crystallinity and high temperature 
breakdown strength seems to differ from HDPE, as reported in 
[22] and summarized in [17], lower crystallinity HDPE 
demonstrated higher breakdown strength at room temperature 
decreasing rapidly with increasing temperature and eventually 
falling below that of higher crystallinity materials. 
Both electro-thermally aged materials had decreased 
characteristic breakdown strength compared to room 
temperature reference measurements and even more 
interestingly the Weibull distribution was curved, suggesting 
that ageing had introduced a second defect-dominated 
breakdown mechanism [17], [19]. A similar phenomenon had 
occurred in thermally aged PP-2, and possibly also in PP-1, 
but the scarcity of data points in the low probability regions 
makes statistical analysis unreliable. These findings are in line 
with our earlier electro-thermal ageing tests, where a defect 
subpopulation appeared in laboratory-scale BOPP and 
nanosilica materials aged for 1000 hours at 80 °C and 100 
V/µm [10]. Similar weak point formation has been reported 
for thermally aged BOPP films in [23], and for capacitor-
grade films aged under AC voltages in oxygen-statured oils 
[24]. Thus, degradation accelerated by trace oxygen cannot be 
ruled out. 
  
 The degree of ageing, as indicated by the number of self-
healing breakdowns during long-term test was heavily 
dependent on the electric field stress: the 100 V/µm capacitors 
had relatively few breakdowns while the 200 V/µm units were 
destroyed by them. In literature [25] voltage stresses have also 
been shown to have a more negative effect on insulation life 
than temperature. The breakdowns were distributed rather 
evenly on the active areas, which calls into question major 
field enhancements at electrode edges. The number of 
breakdowns and capacitances in 100 V/µm test capacitors are 
reported in Table II. The capacitances were line in with the 
film thicknesses and active areas, from which it was deducted 
that no air gap existed between the film under test and 
electrodes. The capacitances were measured several days after 
voltage was turned off, revealing that the electrodes had 
adhered to the BOPP films. Lastly, no change in film 
thicknesses after ageing was detected in measurements with a 
precision thickness gauge (accuracy of 0.1 µm). 
 
IV.   CONCLUSIONS 
 
BOPP films from highly isotactic base PP grades were 
compared. Breakdown measurements at high temperature and 
both thermal and thermo-electrical ageing tests brought 
forward differences in two BOPP films which displayed 
similar breakdown performance at room temperature. In 
breakdown measurements at 100 °C PP-1 film demonstrated 
slightly higher breakdown voltages but in thermo-electric 
ageing tests this “order of goodness” reversed, with aged 
samples of PP-2 material having higher breakdown strength. 
This highlights the importance of both high temperature and 
ageing tests during material research and development. 
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TABLE II 
CAPACITANCES AND NUMBER OF BREAKDOWNS IN AGED CAPACITORS 
  
Capacitance (nF) BD holes 
Capacitors PP-1 1 293 53 
 
2 309 10 
 
3 294 9 
 
4 314 8 
Capacitors PP-2 1 273 28 
 
2 289 26 
 
3 288 10 
 
4 286 22 
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Abstract— In this work space charge accumulation 
characteristics of nanostructured polypropylene films are 
investigated, providing preliminary results for the basis of the 
new materials formulations to be developed in the European 
project GRIDABLE, where novel MV and LV DC capacitor films 
having enhanced performance with respect to present 
polypropylene films are being developed. This paper shows that 
nanostructuration may be beneficial, especially at higher 
temperature, to improve material performance. Better space 
charge performance will help in optimizing the dielectric 
strength, design field and reliability of the insulation system for 
DC use. 
I. INTRODUCTION 
As the use of DC technology is increasing in the transfer of 
electricity over long distances or in relation to integration of the 
renewable energy sites into the main grid, there are specific 
challenges with the traditionally used insulating materials. 
Voltage source converter (VSC) based DC technology is the 
newest and ‘smartest’ way for connecting both renewable 
energy production and stationary energy storage units into AC 
grids. In addition, VSC is utilized to transmit and distribute 
electrical energy over long distances or from DC energy 
sources to users. VSC technology, together with energy 
storage, improves the power quality, transient and voltage 
stability, reduces losses and increases power oscillation 
damping. Furthermore, self-commutation of VSC enables the 
so called black start, i.e. starting of power injection into a non-
energized network, for example from stationary energy storage. 
This way VSC improves the overall reliability of the grid and 
VSC technology can also enable an increase in distributed 
energy source density, since otherwise power quality and 
stability issues normally limit the amount of distributed 
production in a network.  
The technological and economic potential of voltage source 
converter based DC transmission technology can be further 
increased by introducing new advanced materials into these 
systems, specifically improving the performance of HVDC 
capacitor films commonly found in VSCs. However, long-term 
performance of such new nanostructured material needs careful 
investigation.  
Accumulation of space charge can be the main degradation 
process in DC insulations, since it can distort and enhance the 
Laplacian electric field distribution inside insulation, thus bring 
the maximum electric field amplitude to exceed the design 
field.  This would shorten considerably life compared to the 
requested performance, considering, in particular, that 
electrical life line of insulation systems can be described by an 
inverse power law, [1], thus a small variation of electric field 
translated into large variation of life (e.g. 5% field increase can 
shorter life of one order of magnitude) [2], [3]. 
If voltage polarity inversions phenomena are also present, 
the accumulation of homocharge (that is, charge having the 
same sign as that of the near electrode) can bring to further 
abnormal field distribution, which can affect apparatus 
reliability and life. Any material which has to be used as DC 
insulation, therefore, has to be characterized to be space charge 
free at the operating field and temperature. Nanostructuration 
can help increasing field and/or temperature above which space 
charge accumulation becomes large enough to accelerate local 
degradation mechanisms [2]-[7]. 
In this paper, space charge accumulation characteristics of 
filled and un-filled cast and BOPP films are compared under 
different temperatures. 
II. MATERIAL SPECIFICATIONS 
The new DC insulation technology characterized in this 
work had been developed in previous studies [8]. It is a 
capacitor-grade isotactic polypropylene homopolymer matrix, 
with 4.5 wt-% of nanoparticles. An antioxidant package was 
added to prevent thermo-oxidative degradation of the PP-
matrix during melt processing. An otherwise similar reference 
film was made without nanofillers. The thickness of the 
oriented films, Ref-BOPP and nanofilled BOPP (n-BOPP) are 
in the range of 15–18 µm. In addition to the oriented films, 
space charge in thick cast film specimens of similar films was 
studied. The cast films were from the reference and from two 
nanofilled PP grades with different screw speeds. 
III. SPACE CHARGE MEASUREMENTS 
Space charge measurements were carried out by the Pulsed 
Electro-Acoustic (PEA) method. In the PEA method, a 
specimen is subject to the superposition of a DC voltage U0 
and a pulsed voltage Up(t). While the application of DC 
voltage is responsible for the formation of space charge in the 
material, pulses are necessary to generate a perturbation on the 
electric field acting on those charges. The resulting electric 
force pulse on charges causes them to accelerate and interact 
with the surrounding dielectric material. Such interaction 
initiates two acoustic pressure waves travelling in opposite 
directions and parallel to the electric field orientation, through 
the thickness of the sample. The wave moving towards the 
ground electrode is transferred through the whole thickness of 
the electrode itself, finally being acquired by a piezoelectric 
sensor and translated into a voltage signal. In this method, 
several factors limit the spatial resolution achievable. Pulse 
width, piezoelectric thickness and the bandwidth of the 
electronics utilized for signal amplification are the main 
limiting factors.  
In this work two PEA systems were used, one for thick cast 
film samples and another for thin oriented films. Both systems 
utilize 10 ns pulses with an intensity of 300 V for thin films 
and 580 V for cast films. The acoustic signal is collected by a 9 
µm thick PVDF piezoelectric and amplified by an amplifier 
cascade. The thin film system amplifier has a -3 dB bandwidth 
of 200 MHz. These features resulted in a spatial resolution of 
few tens of micrometers. This is comparable to the thickness of 
the specimens, therefore information on exact charge density 
vs. distance is partially lost, but a clear measurement of 
accumulated space charge during and after a period of 
polarization can be derived. Other interesting quantities can be 
extracted from space charge trends in depolarization, that is, 
apparent charge mobility and trap depth distribution [9]. Those 
are fundamental parameters for the characterization of 
insulating materials for DC applications, because the presence 
of space charge in the insulation can modify substantially the 
electric field distribution and, hence, the insulation life [1]-[7]. 
Calibration of the system is made after 10 s from 
polarization of the sample, through the following equations: 
 
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Where E(z) and ρ(z) are the electric field and the charge 
density in the thickness of the specimen, ε is the permittivity of 
the specimens tested and EDC and ρ are the theoretical electric 
field and surface charge density when no space charge is 
accumulated in the sample. Stored charge density at a specific 
field and depolarization time, q(E,t), derived from the space 
charge profile measurements, as follows: 
   
0
1, , ,
L
pq E t q E x t dxL
   
where 0 and L denote the electrodes positions and qp(E,x,t)  
is the space charge profile for a given poling field E.  
Trap controlled apparent mobility can be roughly evaluated 
from the q vs t characteristic as [9]: 
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 
2
dq t
t
dtq t
   
where q(t) is the charge density that can be calculated at 
any depolarization time and dq(t)/dt is the slope of the 
depolarization curve at time t. Once the apparent trap-
controlled mobility is known, the trap depth distribution, ΔU, 
could be estimated, as described in [9], which provides the 
following equation: 
  2( ) ln
hU t KT t
eR
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where K is Boltzman constant, T is temperature, R is the 
mean distance between localized states, e is the electron charge 
and h is the Planck's constant. Therefore, the values of the trap 
depth can be determined from the values previously calculated 
for µ(t). 
Complex permittivity measurements within our research 
group suggest that there is negligible water absorption from the 
atmosphere in these materials, therefore space charge 
measurements were conducted on cast and oriented films as 
received. Polarization time (when DC voltage is applied) was 
1800 s, followed by 600 seconds of depolarization (when DC 
voltage is absent). A mechanical switch was used to short the 
sample in the beginning of the depolarization. Tests were done 
at room temperature, 40°C and 60°C, in a controlled 
environment, with fields of 200, 300 and 400 kV/mm, to obtain 
indications about the threshold conditions for space charge 
accumulation, as well as accumulation rate as function of field. 
The test voltages were chosen by assuming a uniform thickness 
of 16 µm; the thicknesses were measured afterwards the actual 
fields were determined. The chosen stresses are comparable to 
operating conditions of DC metallized-film capacitors. 
IV. SPACE CHARGE ACCUMULATION PERFORMANCE 
Figures 1 and 2 show the signal amplitude from thin film 
PEA measurements at 40°C, in poling fields from 200 to 400 
kV/mm. The PEA signal amplitude originates from the 
superposition of Laplacian field (voltage at electrodes) and 
image field (space charge), hence if the measurement the 
voltage is kept constant any change in the amplitude is caused 
by space charge density variation. Very little differences were 
noticed for filled and non-filled materials both during 
polarization and depolarization periods (Fig. 1 A, B). During 
polarization (Fig.1), after an initial transient of less than 5 
second, PEA signal amplitude remains stable. This is a clear 
indication that little to no charge is stored in the sample during 
polarization. When depolarization is started (Fig.3), PEA 
signals for filled and non-filled materials drop to similarly low 
asymptotic levels, with comparable time dynamics. This 
suggests that those two materials are characterized by 
comparable levels of traps depth distributions. Similar 
performance was also observed at room temperature. In order 
to enhance the relevance of this investigation and to approach 
conditions more similar to real working conditions for such 
materials, tests were run at the higher temperature of 60°C. The 
effect of introducing a 4.5%-wt of nanofiller under poling 
fields of 200 to 400 kV/mm can be now noticed in Figures 2 
and 4. During polarization at 60°C the PEA signal amplitude of 
non-filled material increases, while it stays flat in the filled 
material. This is an interesting difference, since it is a clear 
suggestion that while the non-filled material has the tendency 
to increase the amount of stored charge over time (Fig.4A), this 
is not true for the filled one (Fig.4B), showing a flat trend of 
PEA signal during the polarization period. 
A second interesting development highlighted by the 
investigation done at 60°C is the increase of charge dissipation 
dynamics of bulk space charge when the nanofiller is 
introduced. In fact, Figure 4 displays a clear modification of 
the PEA signal behavior over time during the depolarization 
periods, showing how filled materials have faster dissipation 
rate of charge over time, when no poling field is applied. To 
study whether similar performance improvement is seen also in 
cast films, PEA measurements were done at 60 °C, poling the 
samples for 10000 seconds at 30 kV/mm. The results, as 
summarized in Figure 5, were similar to those obtained for 
oriented films, with filled-PP displaying less charge 
accumulation. The non-filled PP accumulated more space 
charge, and the trapped charge decays more slowly than for 
nanofilled PP. This observation is especially interesting since 
the thin films were measured at 10 times or higher fields, 
meaning that space charge measurements have the potential to 
offer a viable way to “screen” a selection of thin films 
compositions by a preliminary investigation on thicker cast 
films, before orientation, despite the technical limits preventing 
testing at fields close to the typical design conditions for those 
materials. Calculations for the apparent trap depth distribution 
are supporting the already discussed indications given by the 
depolarization trends. Nanofilled materials show higher 
mobilities and lower trap depth distributions than the reference. 
This is an important characteristic for HVDC materials, since 
higher charge mobility or lower trap depth distribution 
contributes to a quicker stored charge removal, therefore a 
lower field enhancement in the case of polarity inversion and 
quicker restoration of the material natural charge neutrality.  
 
Fig. 1. PEA signal trends at 40°C for non-filled (A) and filled (B) materials. Depolarization period starts in correspondence with the green line. 
 
Fig. 2. PEA signal trends at 60°C for non-filled (A) and filled (B) materials. Depolarization period starts in correspondence with the green line. 
V. CONCLUSIONS 
The addition of nanoparticles to a bulk of PP has revealed 
interesting modifications of electrical properties that may affect 
positively film capacitors design and performance on short 
term and long term basis. This work shows that the 
introduction of nanofillers reduce the amount of accumulated 
charge at medium-high fields. This improvement was seen both 
in oriented and non-oriented cast films. On the other hand, 
charge depletion rate increases significantly from base (pure) to 
filled material, so that charge is released considerably faster for 
nanocomposites than for base (unfilled) materials. This 
behavior became prominent with increasing temperature. These 
results suggest a modification of trap density and trap depth 
distribution, confirmed by the depolarization space charge 
characteristics. Trapped charge is released, in fact, (as it could 
be expected due to the large interaction between nanofiller 
surface and host material) more rapidly by the nanofilled 
materials, and the residual charge after long depolarization 
times is smaller in nanofilled materials than in the base PP. As 
a consequence, trap-controlled apparent mobility increases 
significantly for nanofilled materials. Trap depth distribution 
seems to involve larger density of shallow traps compared to 
unfilled material (see Figure 5). The reduction of accumulated 
space charge would indicate that most of these carriers, as well 
as electrode-injected carriers, crossing insulation through 
shallow traps are more easily extracted at the electrodes. The 
results shown in this work set encouraging preliminary results 
for the GRIDABLE project: PEA measurements on thin and 
thick samples proved to deliver consistent results, suggesting a 
fast and viable way to preliminarily select a variety of materials 
at the early stages of new thin film materials development. 
Further, long term, investigations are needed to understand the 
contribution of nanofillers (both their nature and quantity) to 
the modification of electrical properties.  
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Fig. 1 PEA signal trends during depolarization at 40°C for non-filled and 
filled materials. 
 
Fig. 2 PEA signal trends during depolarization at 60°C for non-filled and 
filled materials. 
 
Fig. 3- Apparent charge mobility and trap depth at 60°C for non-filled (A) and 
filled (B) materials. Results from thick cast film samples. 
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Abstract—A large-area method for determining the voltage 
endurance of capacitor films is presented. The method was used 
to characterize the high field – high temperature performance of 
a commercial biaxially oriented polypropylene film. Following 
IEC standard 61251, an inverse power law model was fitted to 
the Weibull-distributed times-to-breakdown data. The insulation 
life increased rapidly as either field or temperature was 
decreased. Even at mildest stresses used, the failure rate was still 
increasing with time, implying that the conditions were above 
reasonable design limits. Determining the threshold conditions 
below which the failure rate starts to decrease with time may 
open up new paths for development of dielectric for higher 
energy density film capacitors. 
Keywords— Dielectric measurement, materials reliability, 
capacitors, materials testing, life testing 
I.  INTRODUCTION 
High voltage direct current (HVDC) transmission is 
indispensable in utilizing distant renewable energy sources, 
such as offshore wind power. Voltage source converters 
(VSCs) offer a smart, new way to connect HVDC networks to 
the existing AC power transmission grid. Especially when 
combined with stationary energy storage both power quality 
and grid stability are improved. Capacitors are key components 
in VSC systems, thus ensuring extreme technical performance 
and uncompromised reliability is of great importance. New 
high energy density dielectrics could open up paths to 
improved VSC systems. However, the reliability and long-term 
properties of any new dielectrics needs to be verified before 
their use in these often reliability-critical applications. 
Repeatable and reliable voltage endurance test methods are 
needed for early screening of novel would-be dielectrics, 
before expensive industrial scale production, which is the 
prerequisite for tests using wound capacitor elements. 
Biaxially oriented polypropylene (BOPP) is the current 
state of the art technology for high energy density film 
capacitors, offering high dielectric breakdown strength, low 
dielectric losses, and stable capacitance with temperature. The 
Achilles knee of BOPP is their low permissible operating 
temperature around 100 °C. The reliable life decreases with 
increasing temperature, thus for highest reliability their 
operating temperature is limited. Preliminary measurements on 
new nanostructured dielectrics have demonstrated improved 
high temperature characteristics [1], therefore highlighting one 
possibly way to develop better film capacitors. 
Various self-healing multiple breakdown measurement 
methods have been developed and utilized in TUT high voltage 
research group to study the DC [2], AC [3] and long-term [4] 
properties of various oriented capacitor films. These methods 
utilize self-healing metallized film electrodes to continue the 
measurement beyond the first breakdowns, enabling rapid 
gathering of large amounts of data. In [4] it was proposed to 
extend this methodology to times-to-breakdown “voltage 
endurance” tests, an implementation of which is reported in 
this paper. This method is used to evaluate the high field – high 
temperature endurance of an industrially produced capacitor-
grade BOPP film. 
II. EXPERIMENTAL 
A. Measurement methods 
Three types of DC breakdown measurements were 
conducted: single breakdown ramp tests in oil at room 
temperature using polished brass electrodes, and large-area 
multiple breakdown ramp tests and times-to-breakdown 
measurements in air at various temperatures. The film studied 
is a smooth commercial 10 µm BOPP film for capacitor 
applications. A list of test conditions is given in Table 1. 
Large-area samples had an active area of 81 cm2, and used 
a Zn-Al metallized 12 µm BOPP film as the electrodes, similar 
to as described in e.g. [2]. High temperature tests were done in 
an oven with forced air circulation. The test fixture had been 
pre-heated, and the system was given at least 10 minutes to 
reach thermal equilibrium before test voltage was applied. 
Temperature stability was around 3 %. 
After temperature stabilization, a DC voltage ramp was 
applied, during which the electrostatic force compressed the 
978-1-5386-6389-9/18/$31.00 ©2018 IEEE 
TABLE 1 DC BREAKDOWN TESTS WERE DONE IN THE FOLLOWING CONDITIONS 
Temperature 
(°C) Constant stress test (kV/mm) Ramp test (V/s) 
ambient  500, 50, 10, 5 (small-area) 
80 500, 450, 400  
100 500, 450, 400 50, 10, 2.5 (large-area) 
film layers, pushing air from between them. Nevertheless 
sometimes major pockets of air remained initially between the 
electrodes and the film being tested, in these cases a DC 
voltage below the intended test voltage was applied for a 
several seconds, and then a soft cloth was used to swipe the air 
bubbles out. Despite the sample being not energized during this 
“swiping” no major air bubbles were seen as the full test 
voltage was applied afterwards, and any small bubbles 
disappeared rapidly. Since insulation life is highly dependent 
on the applied field, the influence of this pre-stressing on the 
measured times-to-breakdown values was deemed non-
significant. 
In large-area tests, the voltage ramp was applied until either 
no discharges were detected (in ramp tests) or until the 
intended voltage was reached, after which a constant voltage 
was maintained using closed-loop feedback control. Discharge 
current and voltage waveforms were recorded using a high-
resolution 12-bit oscilloscope, and an USB camera was set up 
to photograph the sample after each discharge. The 
measurement system is depicted in Fig. 1. 
B. Times to breakdown data qualification 
The discharge energy and breakdown voltage –based 
qualification procedure explained in e.g. [5] was modified for 
tests at constant voltage, and used in combination with the 
recorded photos to validate each recorded event. The selection 
criteria is based on the dependency of the self-healing energy 
Esh on the breakdown voltage Ubd and the capacitance 
partaking in the self-healing C [6]: 
b
sh bdE a C U= × ×  
with a and b being factors that can be assumed remain constant 
during a measurement at constant voltage. The self-healing 
energies should follow a (slowly) decreasing trend as other 
factors remain constant and the capacitance decreases as the 
active area is reduced. Any discharges were excluded as non-
independent or non-breakdown discharges if their energy 
deviated notably from this trend, or if they occurred at lower 
voltages, the latter being a sign of rapid successive self-
healings. The first events were also reviewed using the 
photographs to exclude edge discharges, and finally to 
harmonize the results only the 10 first qualified events for each 
sample were used in further analyses. Four parallel samples in 
each condition were measured, yielding 40 data points in total. 
C. . Statistical analysis 
The breakdown data was fitted with two-parameter 
Weibull-distributions using maximum likelihood estimation, 
and confidence bounds were calculated using a Fisher Matrix –
based method. The Weibull distribution for breakdown times t 
(or electric fields) is written as [7]: 
( ) 1 exp tF t
β
α
   
= − −     
 
where F(t) is the Weibull distribution with scale and shape 
parameters α and β. The scale parameter α is the characteristic 
life, that is the time (or electric field in progressive stress tests) 
after which 63.2 % of samples have failed. 
An inverse power law (IPL) model, as recommended by 
IEC 61251 was fitted to the Weibull times-to-breakdown data: 
nL c E−= × , 
where L is the characteristic insulation life (Weibull α), E is the 
electric field stress and c and n are constants. Parameter n is 
also known as the voltage endurance coefficient (VEC). Of the 
IPL parameters, the VEC is the most interesting, as it describes 
how rapidly the insulation life decreases as electric field is 
increased. [8] 
The Weibull electric field and time parameters were 
extracted from ramp tests results using the statistical methods 
described by Dissado & Hill in e.g. [9], similarly as in [10]. 
The time parameter is equivalent to the β in Weibull times-to-
breakdown distribution. This enabled the results from ramp 
tests to be converted to equivalent times-to-breakdowns values 
using the formula from IEC-61251: 
ramp test
equivalent constant voltage 1
t
t
n
=
+
 
where n is the power law exponent of the IPL model. 
III. RESULTS AND DISCUSSION 
The Weibull parameters and the voltage endurance 
coefficients are reported in Table 2. The characteristic 
insulation life (Weibull α) as a function of DC field and 
temperature is visualized in Fig. 2. The VEC calculated from 
room temperature ramp tests is extremely high, but the trend 
Fig. 1. Large-area breakdown measurement system utilizing a feedback
control for voltage stability 
TABLE 2 WEIBULL PARAMETERS. 
Ramp tests converted to constant voltage equivalents 
Tamp. RT ~22–24°C 100 °C 
Ramp rate 
Vs-1µm-1 50 5 1 0.5 5 4.65 1 0.25
α (s) 0.4 4.4 21.5 40.0 6.2 6.5 28.6 108.2
β 0.23 0.31 0.41 0.30 2.84 2.83 2.80 2.78
VEC 34 21 
Tests at constant voltage 
Temp. 80 °C 100 °C 
E-field (V/µm) 500 450 400 500 450 400
α (s) 403 1330 4960 240 325 2122
β 2.88 1.99 1.62 3.28 3.10 2.49
VEC 12 10
appears to decrease towards longer times. This type of behavior 
is also mentioned in IEC 61251. From a practical point of 
view, this means that the insulation life at lower fields cannot 
be extrapolated from high field data, as the predictions would 
be overly optimistic. Less evident VEC curvature may also be 
seen between ramp and constant stress tests at 100 °C, but this 
may originate from differences in data qualification between 
large-area ramp and constant stress tests. In general, the VEC 
of 10–12 in constant voltage tests is within the expected range 
of 8-15 [8] for dielectrics. An interesting observation is also 
that the VEC appears to increase with decreasing temperature, 
as explained in [11], based on which values as high as 15–20 
might be expected at room temperature for polymeric 
dielectrics. 
It would be extremely beneficial in steering the 
development of new capacitor dielectrics if the VEC of the film 
itself could be correlated with life test results done on actual 
capacitors. Even more if the VEC can be determined using a 
simple and repeatable method like the one reported in this 
study. A proper comparison would require capacitors wound 
from the same type of film, which is, however, not within the 
scope of this study. In general, care should be taken to 
distinguish between AC and DC life test results, especially 
since preliminary measurements indicate space charge 
accumulation in BOPP thin films in typical operating 
conditions [1] while DC ageing is dominated by space charge 
effects [12]. These effects should be negligible under AC 
excitation. Moreover, it needs to be ensured that accelerated 
ageing does not bring phenomena uncommon in real 
capacitors, such as partial discharging at electrode edges.  
In Fig. 3, the confidence contours for Weibull parameters 
are shown in 5 % increments from 75 to 95 %. Weibull β is 
crucial for understanding the failure characteristics in constant 
stress tests, as three regimes can be identified [7]: 
1. if β < 1 the failure rate decreases with time, 
representing early failures 
2. if 1 < β < 2, the failure rate increases with time, but at 
a decreasing rate, representing end of life (EOL) wear out 
3. if β > 2 the failure rate increases at an increasing rate, 
signifying rapidly approaching EOL. 
When combined these three regimes can be used to model 
the whole bathtub curve of failure rate for capacitors [7], [13]. 
Obviously, if β is above one in short-term voltage endurance 
tests such as the ones reported in this study, the film is not 
reliable in the test conditions. Looking at Fig. 3 Weibull β 
decreases with decreasing temperature and field, but even with 
the confidence bounds considered remains above one in all 
high temperature measurements. However by extrapolating 
from the available data towards lower fields and the room 
temperature points in Table 2 where β < 1, it can be postulated 
that a threshold exists, below which the failure rate starts 
decreasing with time. This threshold marks the highest allowed 
stresses and is a function of temperature and field. 
To determine this threshold the large-area constant stress 
measurement methodology can be extended to longer 
measurement times, but doing so requires an inert atmosphere 
to limit oxidation, as was done in e.g. [4]. Capacitors are 
usually sealed to prevent the ingress of oxygen, as at least their 
ageing under AC stresses is influenced by the presence of 
oxygen [14]. Ageing in atmospheric air in may be significantly 
accelerated due to the presence of oxygen [15], or the 
phenomena, such as antioxidant conversion [16] may not be 
representative of those occurring in capacitors during normal 
operation. However, since the duration of the measurements 
reported was in the range of hours, oxidation was not 
considered a major issue. Also for longer measurement times 
the absence of DC PD shall be ensured. 
IV. CONCLUSIONS 
The large-area multiple breakdown method was extended to 
DC voltage endurance tests, and then used in high field – high 
temperature characterization of a capacitor BOPP film. The 
Fig. 2. Characteristic insulation life reduces as either DC electric field or
temperature is increased. 
Fig. 3. Weibull parameters visualized using confidence contours, the rate at 
which the failure rate increases with time decreases with temperature and DC 
field, approaching constant at β=1. 
large-area approach was beneficial in gathering large amounts 
of data for improved statistical accuracy. As long as the 
absence of PD and oxygen is controlled, this test method is also 
suitable for longer tests.  
The failure rate decreased with field and temperature, thus a 
threshold presumably exists, below which the film is “stable”, 
that is, has a decreasing failure rate. Determination of this 
threshold may prove beneficial in R&D work aiming to 
produce better capacitors for high field HVDC applications. 
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ABSTRACT
In this paper, a set of performance metrics for modern biaxially oriented polypropylene
(BOPP) capacitor films is established. The fundamental and applied properties of BOPP
films required for application in state-of-the-art DC metallized film capacitors are
reviewed, highlighting aspects related to high temperature operation, base PP properties
and film processing. Commercial BOPP films—both base films and metallized films
based on classic isotactic PP—are studied comprehensively, encompassing structural–
morphological characterization and short- to medium-term dielectric characterization.
Dielectric spectroscopy results demonstrate the negligible dielectric losses of BOPP,
being in the range of 10−4 or less in the expected operation temperature regime.
Thermally stimulated depolarization current (TSDC) measurements indicated a modest
density of shallow traps (~0.75 eV) and a high density of deep traps (~1.08 eV) in the 5
µm and 10 µm film variants showing differences presumably arising from film
processing. Such an electronic structure was found to be connected with ultra-low
conductivity (in the range of 10-17–10-16 S/m), high breakdown strength (~700 V/µm) and
negligible space charge accumulation up to temperatures of ~70 °C. It is shown that at
current design stresses (~200 V/µm at ~60 °C) BOPP is operated close to its fundamental
thermal and electrical limitations. Voltage endurance tests at higher fields revealed the
onset of high-field degradation and drastically reduced insulation life, and thermal
activation of deep traps in the high temperature region (~100 °C) was found to result in
reduced dielectric performance.
   Index Terms — polypropylene films, capacitors, energy dissipation, conductivity,
materials reliability, Weibull distribution, dielectric breakdown, dielectric losses
1 INTRODUCTION
POWER electronics utilizing metallized polypropylene film
capacitors are ubiquitous. Their applications such as STATCOM,
motor drives and MMC-HVDC will benefit if the size, weight or
cost of capacitors can be reduced. There is also a demand for
capacitors with improved performance at high temperature:
capacitors performing reliably above 100 – 150 °C would aid the
thermal management in applications with space and weight
limitations, such as in electrical vehicles [1]. Film capacitor
performance is governed by the dielectric film and metallization
end connections. Advances in both are required to increase the
energy density that ultimately determines the size and weight. This
paper is about biaxially oriented isotactic polypropylene film
(BOPP) that forms the main insulation in these capacitors.
In power electronics, the capacitor main insulation must
endure both electrical and thermal stresses that can rise above
200 V/µm and up to 125 °C. Such extremes cannot be applied
simultaneously; at present operating above ~70–85 °C requires
field de-rating. For a capacitor to operate reliably, its insulation
materials must exhibit a high breakdown strength, low DC
conductivity and low losses under AC. These three are the
fundamental film properties. [2] DC conduction and AC losses
must be minimized to curtail self-heating – heat dissipation in a
wound capacitor is constricted by the poor thermal conductivity
of metallized BOPP [3]. Low AC losses in the relevant
frequency range is required also in “DC-type” capacitors to
limit self-heating caused by AC ripple. The dielectric properties
of plastics often deteriorate with temperature; it is thus
imperative to determine the film performance at maximum
anticipated temperatures.
The capacitor film must also exhibit a wide set of applied
properties [2], which have complex correlations with each other
and also with the fundamental properties. Owing to these
correlations, extensive monitoring of film properties is crucial
in the development of dielectric film. With a sufficient testing
protocol unforeseen trade-offs are avoided. Notable example of
these properties is the surface texture related to the strain-
induced transformation of β-form PP crystallites into more
stable and dense α-form during biaxial stretching of the
extruded film in semi-molten state. Controlled BOPP-film
Manuscript received on 4 December 2018, in final form 5 February 2019,
accepted xx Month 20yy.  Corresponding author: M. Ritamäki.
surface roughness is mandatory to prevent blocking during
capacitor winding, but, unless the skin-core-type morphology
of the extruded (precursor) film is carefully controlled, the
above transition upon biaxial stretching may also lead to
microvoid formation that decreases the breakdown strength. [4]
Another example is the relationship between crystallinity,
thermal stability and dielectric permittivity: an increase in
crystallinity leads to superior properties: increased melting
point and real permittivity and attenuated dielectric loss in a
broad temperature range, especially in the glass transition
region around 0 °C [5]. On the downside, highly crystalline
base materials are more difficult to process.
Behavior of BOPP film under DC is a topic that must be
considered as a whole – the phenomena are too complex for a
single measurement method to provide adequate and truthful
picture of film performance. Ideally, the measurements should
span in time, measurement area, temperature, and field to cover
the operating conditions of capacitors. The intrinsic DC
conductivity of BOPP is nil, the observable conductivity
originates from physical/ chemical defects, impurities and
additives that form localized conduction states (viz. shallow
traps) and deep traps. At typical operating fields above 100
V/µm and at elevated temperatures, DC conduction in BOPP is
by charge carrier hopping between shallow trap states [6].
Interestingly, also ionic conduction has been proposed recently
for high crystallinity BOPP at temperatures above 80 °C [5].
DC conduction in a dielectric correlates with the presence of
space charge. Space charge, and thus conductivity, is to be
minimized as it increases local electric fields and supplies
energy to ageing reactions, which are accelerated further by the
temperature rise caused by conduction-induced Joule heating.
There has been a paradigm shift from oil-impregnated film-
foil capacitors to dry metallized film designs, catalyzed by
environmental aspects and the perceived fire hazard of oils. The
insulation systems in these capacitors are different, which
makes the bulk of published knowledge on capacitors from 80s
and 90s outdated. A broad study of the performance of a modern
polypropylene capacitor film is therefore warranted to serve as
a baseline for further materials development, and to
demonstrate the capability of BOPP films to withstand
electrical stresses unrealistic for almost any other type of
insulation. This paper is divided into two parts: first, the
capacitor film manufacturing technology is briefly outlined,
and then, a comprehensive review of a modern capacitor-grade
polypropylene film is given.
2 CAPACITOR FILM PROCESSING
Capacitor-grade BOPP film is made of highly isotactic
polypropylene. The molecular structure of PP with higher
isotacticity is more regular. This enables packing that is more
compact during crystallization, and thus enables the production
of high crystalline films with reduced losses and conductivity
[5]. High isotacticity makes the material more difficult to
process. Patent literature mentions using beta nucleating agents
to circumvent this problem. According to patent literature the
extremely pure capacitor-grade polypropylene is either washed
after polymerization or produced using single-site catalysts to
mitigate the effects of catalyst residues, and additives are
generally avoided as high purity is required for low dielectric
losses, low conductivity and high performance at elevated
temperature. Hindered phenolic additives such as Irganox®
1010 are nevertheless added in low < 0.5 wt-% quantities to
prevent oxidation during melt processing as PP is more
susceptible to thermo-oxidative degradation than for example
polyethylene because of its tertiary carbon [7]. Calcium stearate
can also be added to scavenge acids and to mitigate the effects
of catalyst residues.
The stabilized PP is normally sold as granulates to film
manufacturers. The granulates are melt-extruded into a thick
cast film which is cooled on a chill roll under controlled
conditions to achieve the desired cast film morphology. The
cast film is then biaxially stretched and optionally heat-treated.
The crystallization conditions during cast film extrusion and the
temperature profile during biaxial stretching are the main
parameters for controlling the BOPP film surface texture.
Biaxial stretching can be either sequential tenter or
simultaneous process. The first has higher output speed in terms
of meters per minute, but the latter is more flexible. [8] Biaxial
orientation improves the breakdown strength [4] and thermal
conductivity [3], and the current technology enables design
fields in excess of 200 V/µm .Typical film thicknesses are in
the range of 2–20 µm and there is a trend toward thinner films.
The biaxially oriented film is corona treated and a ~10 nm
electrode of zinc, aluminum or their alloy is metallized on the
film surface. The thin metallization is self-clearing; should the
BOPP film break down the metallization evaporates around the
breakdown site, hence isolating it from the remaining active
area. The metallization can be tailored for reliability or lower
losses and thus uniform, segmented and thickness-profiled
variants are available. Ultrathin or segmented metallization
reduces the probability and impact of failed self-healing but
increase the metallization I2R losses, which are the main cause
of losses in metallized BOPP film capacitors [2, 9].
3 EXPERIMENTAL
3.1 MATERIAL SPECIFICATION
The film studied in this paper is a smooth BOPP film provided
by Tervakoski Films. It is manufactured from classic isotactic
polypropylene homopolymer by tenter process. As is common
with these films, various thicknesses are available and
metallization is an optional feature; some capacitor
manufacturers prefer in-house metallization. In this paper, 5 µm
and 10 µm films were studied both as non-metallized base film
and in the factory-metallized form with uniform Zn/Al
metallization. These films are labeled as PP5, PP5-met, PP10
and PP10-met, factory-metallized versions being identified
with suffix –met. Moreover, a non-stretched (precursor) cast
film of similar PP composition, PP250-cast, was included in the
morphological analysis.
3.2 FILM STRUCTURE AND MORPHOLOGY
Thermal characteristics, crystalline morphology and
surface/cross-sectional structure of the films were analyzed by
differential scanning calorimetry (DSC), optical microscopy
(OM) and 3D optical profilometry.
The surface textures of the base films PP5 and PP10 were
quantified by using a Veeco Wyko® NT1100 optical profiling
system in vertical scanning interferometry (VSI) mode. Table
Compared to mechanical stylus profilometers, optical
profilometry has the benefit of being contactless and enables
3D imaging. On the downside imaging transparent or
translucent BOPP films requires care to identify and eliminate
reflections from beyond the film surface. The surface
morphology of the base films was also imaged using Meiji
Techno ML8530 microscope. Surface profile was characterized
on both sides.
Differential scanning calorimetry (DSC) measurements were
performed for the non-metallized base films using a TA
Instruments Q2000 DSC in the −50 °C to 230 °C temperature
range using a dynamic heating rate of 10 °C/min. Degree of
crystallinity (XDSC) was calculated assuming a heat of fusion of
209 g/J for completely crystalline α-form polypropylene.
3.3 DIELECTRIC SPECTROSCOPY, THERMALLY
STIMULATED DEPOLARIZATION CURRENT (TSDC)
AND DC CONDUCTIVITY MEASUREMENT
For dielectric spectroscopy, TSDC and DC conductivity
measurements, samples having round electrodes with a
diameter of 22 mm were prepared. The electrodes were
evaporated on both sides of the samples by electron beam. To
ensure good electrical contact, an electrode was also metallized
on the already metallized side of factory-metallized films. For
most samples, the electrode was 100 nm of gold on top of a 10-
nm bonding layer of nickel. Additionally, a number of samples
were prepared with 100 nm aluminum electrodes to evaluate the
effects of electrode metal. The evaporated samples were stored
short-circuited in vacuumed desiccator for a few days prior
measurement in an attempt to remove residual charge that may
had been injected during the evaporation. Most samples were
desiccated this way at room temperature, but some were dried
otherwise similarly at 70 °C.
Complex dielectric permittivity was measured as a function
of frequency and temperature using Novocontrol Alpha-A
dielectric analyzer with BDS-1200 sample cell and Novocool
cryosystem. The measurement voltage was 1 VRMS. Isothermal
(room temperature) measurements were carried out in a
frequency range of 1 Hz – 10 kHz. For the studied samples, the
dielectric loss measurement accuracy of the system is ~10−4 or
better in this frequency range. At lower frequencies the
measurement inaccuracy inherent to the Alpha-A and
conduction effects prevent accurate determination of the
dielectric losses. Temperature dependence of the complex
dielectric permittivity was studied in the −60 °C to +120 °C
temperature range.
DC conductivity and TSDC measurements were done using
BDS-1200 high voltage sample cell and Keithley 6517B
electrometer. Voltages below 1 kV were supplied by the
electrometer and above by a Keithley 2290E-5 power supply.
An overload protection device was used to prevent damage in
case of breakdown. Temperature control was realized using
Novocool cryosystem or a PID-controlled heater apparatus.
DC conductivity measurements were done at 30, 70 and 100
°C, at electric fields of 30–250 V/µm. The fields was applied
stepwise in an ascending order of magnitude. The duration of
each step was 20–24 hours, after each the sample was let to
discharge under isothermal conditions. Unless specified
otherwise, the same sample was then used for the next higher
electric field. The TSDC measurement procedure was as
described in [10], consisting of isothermal DC poling at 80 °C
for 40 minutes, cooling to −50 °C and linear heating at 3 °C/min
up to 125 °C under short-circuit conditions.
3.4 DIELECTRIC BREAKDOWN STRENGTH
The DC breakdown strength of all four films was determined
using small-area single breakdown “SB” (400 V/s) and large-
area multiple breakdown “MB” measurements. The AC
breakdown strength was determined using small-area
measurements (also 400 V/s). The voltage rise in MB tests was
according to IEC-60243-1 slow rate-of-rise test: the discharge
events occurred approximately 120–240 s after the voltage
ramp initiation. Weibull distributions were fitted to the data
points. These measurement methods have been presented in e.g.
[11]. The temperatures, measurement areas, total measured
areas and sample sizes are presented in Table 1.
3.5 VOLTAGE ENDURANCE TESTS
The DC voltage endurance of PP10 was determined with a
large-area multiple breakdown measurement done in air. Self-
healing electrodes were used and the field was applied until and
adequate number of breakdowns had occurred. Non-breakdown
discharges were detected and removed from analysis with an
algorithm developed at TUT. The measurement and analysis
methods were presented in [12]. Both constant stress tests and
progressive stress tests at variable ramp rates were done. The
results of the latter were converted to constant stress
equivalents. A summary of the test conditions and the number
of samples is presented in Table 2.
3.5 QUANTIFICATION OF ACCUMULATED CHARGE
Charge accumulation in PP10 was evaluated in the conditions
presented in Table 3. A measurement consisted of isothermal
poling for 30 minutes followed by 10 minutes of depolarization.
The pulsed electro acoustic measurement method was as
presented in [13], with the exception that the measurements at
room temperature were done using a pulse generator with fast
pulse repetition frequency. A slower one was used in the others.
The PEA signal intensity was monitored during the
measurement, and a change in it was interpreted as a sign of
charge accumulation in the sample.
Table 3. Charge accumulation measurement conditions.
Temperature Field (V/µm) Charge accumulation
RT (~23 °C) 100, 200, 300, 400, 500 No
40 °C 300 No
60 °C 300, 400 Yes
Table 2. Voltage endurance test specifications.
Temperature
Constant stress test
(V/µm)
Progressive stress test
(V/s)
N
60 °C 550, 500, 450 4 each
80 °C 500, 450, 400 4 each
100 °C 500, 450, 400 50, 10, 2.5 (large-area) 4 each
Table 1.  Breakdown measurement specifications.
Method Voltage T (°C) A (cm2) N Atot (cm2)
Large-area MB DC RT (~23 °C) 81 20 1620
Large-area MB DC 100 °C 81 6 486
Small-area SB DC RT (~23 °C) 1 20 20
Small-area SB AC RT (~23 °C) 1 20 20
4 RESULTS AND DISCUSSION
4.1 MORPHOLOGY AND FILM STRUCTURE
Figure 1 presents a representative cross-polarized light
micrograph of a PP250 cast film section. The non-stretched cast
PP film was seen to exhibit a skin-core-type morphology
gradient comprising of α/β-form spherulites. The existence of a
small amount of hexagonal β-form crystallites in the cast film
was confirmed in the DSC measurement, with the 1st heating
endotherms showing small β-form melting peaks at ~141.1 and
~149.5 °C corresponding to melting–recrystallization–
remelting of the β-phase during the DSC heating scan [14]. For
the cast film specimens, the major α-form melting peak (1st
heating) was observed at ~163.8 °C, indicating a high isotactic
content for the base PP. The initial cast film crystallinity was
XDSC ~46 %. Glass transition temperature Tg, determined from
the 2nd heating scan, was approx. −5.9 °C.
Exemplifying optical microscope images and 3D surface
height profiles of the studied biaxially oriented PP5 and PP10
base films are presented in Figure 1b and Figure 1c,
respectively. Albeit being smooth films intended for
metallization, both PP5 and PP10 exhibited shallow crater-like
surface structures as is typical for BOPP. PP5 base film was
found to exhibit slightly higher mean area surface roughness in
comparison to PP10, with this difference presumably being
attributable to different film processing parameters. The BOPP
film 1st DSC heating endotherms corresponded to that of a
monoclinic α-form crystalline structure, showing melting peak
in the 164.3  – 165.0 °C range. No traces of hexagonal β-form
were detected in the biaxially stretched films, indicating
complete β→α crystal transformation upon biaxial stretching.
4.2 DIELECTRIC SPECTROSCOPY
The real permittivity εr of all four films was 2.22 – 2.30 and
decreased with temperature. The decrease between −60 to +100
°C was approximately 5 %. The values were typical of BOPP,
and similar decrease has been reported by Kahouli et al to occur
irrespective to the relative crystallinity [5]. The dielectric loss
features of all films were similar, representative results of PP10
are presented in Figure 2. The measured dielectric loss in all
four films was low in the frequency range of interest between 1
and 105 Hz. The loss tangent (tan δ) was 10−4 or less, and one
broad relaxation peak was seen between −5 and +60 °C. This
peak is related to the glass transition and occurs above glass
transition temperature Tg that was determined by DSC. The
relaxation mechanism is a gradual liberation of polymer chains
in the amorphous phase above Tg.
An increase in loss angle was evident below ~1 Hz, as seen in
the inset in Figure 2. The measurement accuracy in this
frequency range is limited, nevertheless even after it is
considered, an increase is present. The decrease of sub-Hz
losses after thermal conditioning ascertains its origins in space
charge. It is presumably an artifact caused by metallization and
thus, it must be differentiated from true AC behavior.
The dielectric losses increased with temperature, the increase
was especially strong at low frequencies below 1 Hz. This
intensity is presumably caused by a superposition of space
charge effects, DC conduction, and the release of charge
trapped during evaporation. Intrinsic DC conduction at such
low fields can be disputed, but if present, the mechanism is most
probably ionic [6].
The dielectric spectroscopy measurements confirmed the
relatively low permittivity of BOPP and its negligible losses in
a broad frequency range at low fields and moderate
temperatures. Negligible losses are mandatory to limit self-
heating. The dielectric losses of modern BOPP are low enough
Figure 1. a) Cross-sectional OM image of a non-stretched cast film specimen
under cross-polarized reflected light. b) OM surface image of biaxially
stretched PP5 base film. c) Optical profilometer height profiles of PP5 and
PP10 base BOPP films (both surfaces). The values given in c) are the
calculated mean area surface roughness (10 samples). Chill roll side (CR),
opposite side of chill roll (OCR), normal direction (ND), machine direction
(MD) and transverse direction (TD) are labeled.
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a) PP250-cast
PP5 PP10
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5200
Surface height (nm)
MD
TD 50 µm
ND
MD
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100 µm
MD
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b) PP5
77 nm ± 14 nm 20 nm ± 4 nm
61 nm ± 6 nm 16 nm ± 1 nm
Figure 2. Tan δ behavior of PP10 base-BOPP as a function of temperature at
1 Hz and 1 kHz (Ni/Au evaporated electrodes). Circles: non-conditioned
sample. Stars: pre-conditioned sample. Inset: Room temperature tan δ as a
function of frequency.
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for their effect on the capacitor self-heating to be negligible.
The component losses are dominated by the metallization
resistance. [2] Behavior at low fields and high temperatures is
dominated by DC effects, including the presence of trapped
charge. This sub-Hz phenomena is to be seen separately from
“true” AC behavior.
4.3 TSDC
Exemplifying TSDC spectra of PP5 and PP10 samples
polarized under 100 V/µm are presented in Figure 3. Due to the
largely non-polar nature of BOPP the thermally stimulated
currents are mainly attributable to space charge relaxation from
shallow and deep traps. The TSDC spectra of PP5 and PP10
exhibited similar characteristics as has been presented in other
BOPP-related studies by e.g. Kahouli et al [5] and Li et al [15]:
a broad TSDC peak in the low temperature region (approx. −5
°C) corresponding to the glass transition (α-relaxation) and a
major TSDC peak in the high temperature region (>100 °C)
corresponding to space charge (ρ-) relaxation from deep traps.
Interestingly, as shown in Figure 3, a polarity reversal and
anomalous discharge current phenomenon (i.e. current which is
flowing in the same direction as charging current) was
sometimes observed in the high temperature region (above the
polarization temperature Tp of 80 °C). The occurrence of
anomalous TSDC for samples poled under high field and high
temperature conditions is indeed a direct evidence of injected
space charge, and it is known to be influenced by the nature of
the electrode–dielectric interface [16, 17].
 While TSDC can essentially provide a wealth of information
about space charge properties of polymers, evaluation of the
trapping parameters from the experimental data is often not
straightforward due to several overlapping or (quasi-)
continuous distribution of trap bands. Therefore, simple
methods assuming single elementary relaxations from a discrete
trapping level—such as the initial-rise and peak shape
methods—are often inapplicable to complex TSDC data.
Assuming negligible retrapping of the thermally released
charges (electrons), Tian et al recently introduced a numerical
method enabling direct determination of arbitrary (continuous)
trap distribution from TSDC data, the details of which are
presented in [18]. The inset in Figure 3 shows the calculated
trap depth vs. density distributions for PP5 and PP10 base films,
assuming an attempt-to-escape frequency of 1012 s−1 and that all
the traps were initially filled uniformly into a depth of 3 µm
[19] before depolarization. It is noted here that the trap depth
and density scales in Figure 3 are dependent on the chosen
attempt-to-escape frequency and penetration depth,
respectively, and hence the calculated trap parameter values
should be taken as approximates only [18]. Both PP5 and PP10
show similar densities of broadly distributed shallow traps
around the glass-transition region with the peak density
occurring at ~0.75 eV. These traps are likely the localized
conduction states responsible for the observed conductivity in
the <100 °C range. The high-temperature space charge
relaxation corresponds to deep trap peak density occurring in
the 1.08–1.1 eV energy range, with PP5 showing a higher
density of deep trap states in comparison to PP10. This
difference may arise from e.g. morphological differences
(crystallinity, crystallite size, orientation) between the 5 µm and
10 µm BOPP films. The above trap depths—being in good
agreement with e.g. recent ab initio calculations for those
originating from carbonyl, conjugated double bond and dienone
defects in isotactic PP [20]—may be attributed to impurities and
chemical defects present in the studied BOPP films.
4.4 DC CONDUCTIVITY AND ORIGIN OF BEHAVIOR
AT SERVICE FIELDS
The behavior of all four PP films under DC excitation was
similar; example results on PP10 are presented in Figure 4. The
current after 20–24 hours was independent of the applied field
(30 – 200/250 V/µm) and still decreasing. The apparent
conductivity, calculated from this current was in the range of
10-17–10-16 S/m for temperatures of 30 and 70 °C and approx.
10-15 S/m at 100 °C. These low values are typical of BOPP. The
apparent independency of DC conductivity on temperature up
to 70 °C is a desirable feature, as a conductivity increasing with
temperature would risk thermal runaway. The lack of field
dependency rules out the majority of mechanisms responsible
for absorption and conduction currents: electrode polarization,
dipolar orientation, tunneling and hopping conduction.
Formation of trapped space charge with constricted charge
injection may explain the observed behavior [21]. Ghorbani et
al report similar long-term conductivity decrease in LDPE,
XLPE and BOPP [22].  By recognizing that the conductivity
decays even in the absence of electric field, they deducted that
the behavior is induced by thermally activated physical change.
Similar effect could be reproduced in our step-stress
measurement: heat-treatment of one sample at 70 °C reduced
the current during the initial steps markedly.
Ho et al associate the conduction currents in BOPP at fields
above >10 V/µm but below the onset of hopping conduction
with electron and hole mobility caused by localized conduction
states. Many of these states are caused by the physical
irregularity of the amorphous region. [6] Thermally activated
Figure 3. TSDC spectra of PP5 and PP10 base films (samples pre-treated at
70 °C for several days prior to measurements). Three parallel samples of PP10
are shown, demonstrating the TSDC polarity reversal phenomenon observed
in the high temperature region. The depolarization current (y-axis) is
represented as absolute values in order to use logarithmic scale. The inset
shows the calculated trap depth vs. density distribution for PP5 and PP10.
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secondary crystallization reduces the volume fraction of
amorphous regions, which should reduce the number of
localized conduction states and thus the conductivity. This line
of though is also supported by the reduced DC conductivity in
highly crystalline BOPP grades [5]. Therefore, the observed
long-term conductivity decrease may be explained by
secondary crystallization.
By measuring a 7 µm tenter-processed BOPP-film at 35 °C
and above, Ho et al have recognized the onset of hopping DC
conduction above 100 V/µm; a decrease in this threshold field
with temperature is also reported. [6] Interestingly, no such
behavior was evident in our measurements. Absorption currents
in PP film at temperatures below 0 °C have been associated with
dipolar relaxation with small dipolar moment and a broad
distribution of relaxation times; mind that dipolar relaxations in
non-polar PP are minimal. A sharp drop in conduction current
was seen when a sample was cooled below 0 °C under voltage,
as was done during the polarization phase prior to TSDC
measurements.
Interestingly, a higher conductivity of ~10-15 S/m with no
clear field dependency was measured in one sample with
aluminum electrodes. This sample had been heat-treated at 70
°C. This dependency of electrode metal is indicative of
electrode polarization, tunneling, or charge injection with space
charge formation. Out of these three, only charge injection is
plausible owing to the lack of field dependency. [21]
Thus in summary, our results indicate that the absorption
current in PP10 is a superposition of (1) vacuum polarization,
(2) electrode metal -dependent charge injection and associated
formation of space charge and (3) intrinsic conductivity in the
amorphous region decaying with thermally activated secondary
crystallization.
4.5  DIELECTRIC BREAKDOWN STRENGTH
The DC and AC (50 Hz) small-area dielectric breakdown
strength of all four BOPP films was in the range of 700 – 800
V/µm that is typical of BOPP. The results are presented in Table
4. The short-term DC and AC peak fields were essentially the
same, similarly as in other capacitor-grade BOPP films studied
in [11]. This can be traced to the low dielectric loss of BOPP
that inhibits thermal runaway at line frequencies. Due to the
very similar breakdown behavior the short-term AC and DC
breakdown mechanism is likely similar. Ho and Jow have
verified that at high fields the breakdown of BOPP is caused by
hopping conduction leading to a thermal runaway [6].
The notable feature in the large-area DC breakdown strength
results was the presence of a distinct defect subpopulation in
both non-metallized films, and conversely the absence of such
subpopulation in the metallized films. This is illustrated in
Figure 5. The characteristic breakdown 63.2 % strengths were
in the same region with the small-area results. This absence of
weak points in metallized films is statistically significant
observation since 20 large-area samples of each material were
measured at room temperature. The reason for the absence
could not be ascertained, but the possibility of quality variations
along the film roll cannot be ruled out. Between room
temperature and 100 °C the 63.2 % breakdown strength
decreased 13–20 %, this decrease aligns well with literature [6].
The modesty of this decrease also verifies that the films are free
from significant impurities [23].
4.6 REGARDING THE VOLTAGE ENDURANCE
Voltage endurance tests are done to extrapolate the insulation
life at operating conditions from accelerated tests at higher
stresses. An inverse power law (IPL) model with a voltage
endurance coefficient (VEC) is most often used to model the
effect of electric field. Voltage endurance tests done on PP10
Figure 4. Conductivity vs. time for PP10 base-BOPP film with evaporated
a) Ni/Au electrodes and b) Al-electrodes (pre-treated samples) at 100 °C.c)
Conductivity at the end of each 20–24 h voltage application period. Additional
data from heat-treated samples with either Ni/Au or Al electrodes are also
shown. The filled marker at 100 °C (Al-electrodes) corresponds to a fresh
sample with no prior electrical stress subjected to 150 V/µm field for ~51 h.
Table 4. Dielectric breakdown strength.
Large-area 63.2% (V/µm) Small-area 63.2% (V/µm)
RT 100 °C DC AC
PP10 769 671 811 729
PP5 647 545 727 698
PP10-met 743 629 777 668
PP5-met 702 559 773 717
revealed the caveat in applying approach for BOPP films: the
phenomena leading to breakdown is different in accelerated
high-field tests and in service. Oxidation (if the tests are done
in air) and the onset of high field conduction and associated
rapid degradation cause the VEC vary with field. An inverse
power law model assuming constant VEC is unsuitable to
model this type of behavior.
The DC VEC of PP10 was 10–12 and decreased with
increasing temperature, that is, the effect of electric field on
insulation life was attenuated with increasing temperature.
Similar temperature-dependency and VECs have been reported
for PP film tested in oil under DC [24]. Ideally, extrapolating
the voltage endurance test results would yield the insulation life
at operating conditions. On the basis that the lifetime of a
metallized film capacitor corresponds to a small, few percent,
reduction in capacitance, the lifetime of PP10 was defined as a
time with 5 % probability of failure. This percentage was
chosen arbitrarily. The lifetimes are tabulated in Table 5.
The lifetimes extrapolated at realistic design stress, 60 °C and
225 V/µm were unlikely short – a whole capacitor bank is
expected to perform 20–30 years in these conditions. Moreover,
Weibull analysis of the times-to-breakdown data revealed that
in all experimental conditions the failure rate increased with
time. Increasing failure rate indicates progressive degradation
and conditions unsuitable for the film. In the shorter tests, the
increase of the failure rate decreased systematically with
reducing stress levels. This decrease is interpreted as the
diminishing effect of electric field with decreasing field.
However, the failure rate had again increased in the longest test
with characteristic time of failure of 12 hours. This is
interpreted as the onset of severe oxidation. In real service
conditions, oxidation is non-existent, or at least slowed by
limited diffusion of oxygen through potting.
It is hypothesized that the increased effect of the electric field
at higher fields originates from high field conduction,
specifically the onset of space charge limited field conditions
inside the film. Degradation is greatly accelerated under such
conditions. The high field phenomena are characterized by a
threshold field. Boggs [25] placed this threshold at 285 V/µm,
below the lowest stresses used in the endurance tests. The
design fields for capacitors are below this threshold, as verified
by the DC conductivity measurement: high field conduction is
characterized by an exponential increase in conductivity with
field, and no such behavior was seen in the conductivity
measurements. The measurement fields of 200–250 V/µm
correspond to realistic design stresses. Worth mention is that
degradation at high fields is accelerated further in the presence
of oxygen. [2, 6, 25]
In summary, IPL model with constant VEC was found
unsuitable in extrapolating the lifetimes of BOPP based on high
field tests. That is, because the VEC is drastically reduced at
high fields due to high field conduction. To estimate the lifetime
of BOPP in service conditions one must determine the VEC of
BOPP at design fields. For this purpose, tests at fields below the
threshold for high field condition and in an inert atmosphere
would be needed.
4.7 A NOTE ON SPACE CHARGE
Space charge measurements were done to study high field
phenomena at fields where DC conduction measurements are
unfeasible because the samples break down before steady state
current can be determined. The results are summarized in Table
. Measurements done at room temperature up to 500 V/µm
revealed no evidence of space charge accumulation, and neither
did the measurement at 40 °C 400 V/µm. At 60 °C, however,
space charge accumulation was evident both at 300 V/µm and
at 400 V/µm. The onset of high field phenomena appears to be
strongly dependent on temperature. The general observation of
temperature-dependency is in agreement with the high field
hopping conduction model proposed in [6]. Obviously, it is a
characteristic feature of other models as well. The true yield of
the space charge measurements is that the deducted threshold
conditions for high field conduction and associated space
charge are in agreement with the conduction measurements and
the voltage endurance tests. This further supports the analysis
presented in the section on endurance tests.
4.8 SUMMARY OF THE FUNDAMENTS
The performance of BOPP in capacitors originates from the
demonstrated fundamental dielectric properties: high
breakdown strength, low conductivity and low dielectric losses.
Equally important is that in the typical operating region the DC
conductivity is independent of field and temperature and that
the losses are minimal in the broad frequency where power
electronics operate. The need to develop better insulation
materials for high temperature is clearly visible from the 10-
fold increase in conductivity when going from 70 to 100 °C.
Indeed, there is a growing interest in materials for high
temperature [1].
5 CONCLUSIONS
The four BOPP films studied demonstrated excellent
dielectric properties at least up 70 °C – towards 100 °C the
conductivity began to increase, marking the upper limit of
service temperature. Conductivity, space charge, and voltage
endurance measurements indicated that a threshold electric
Table 5.  Lifetime based on accelerated tests.
Temperature °C Life at 225 V/µm Design field for 30 year life
60 ~2 years 184 V/µm
80 12 days 131 V/µm
100 2 days 99 /µm
Figure 5. Breakdown behavior of 5 µm films demonstrating the weak points
in non-metallized base films, and their absence in its metallized version.
Shaded area represents one-sided 90% confidence bounds.
field for high-field conduction exists. Above this threshold the
film is inherently unstable and will fail in times much less than
the expected service life. The concept of a threshold field for
high field conduction is well supported by literature, as is its
value around 300 V/µm, and its observed decrease with
temperature [6, 25]. This field would mark the upper limit for
design stress. Accurate determination of this threshold field is
proposed as a way to quantify the performance of a specific
BOPP film, analogously to comparing the threshold fields for
space charge accumulation when studying cable insulation
materials. However, equally important is to verify all the
fundamental properties remain adequate with time.
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